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An x-ray emission line as measured by the double-crystal spectrometer (“anti- 
parallel” position) can be represented very accurately by means of a simple empirical 
formula. Some uses for the formula are (1) location of background under the Ka doub- 
let, (2) the calculation of the separation of close components from measured points 
used in the empirical formula. This formula appears to be a function of a very useful 
type since it is also a good representation of rocking curves obtained in the “parallel” 
position of the spectrometer. A search for theoretical justification of this type of for- 
mula has brought to light the curious result that although the application of the Dirac 
quantum theory of the radiation field yields a formula of the same type, the maximum 
ordinate predicted is independent of the spontaneous transition probability; whereas, 
certain experimental work indicates that the maximum ordinate is a good measure of 
the line intensity. This is very disturbing since the assumption is usually made that 
the line intensity is proportional to this Einstein coefficient of spontaneous transition. 


N X-RAY emission line can be represented very accurately by means of 
a simple empirical formula of the type 


——_— (1) 
y= 

. 1 + (x/b)? 
where the ordinate y represents the intensity 7(A) asa function of x=(Ao—A), 
b the half-width at half-maximum, a the maximum ordinate of the spectral 

line, and Ap the wave-length of that ordinate. 
If one integrates Eq. (1) to get the total area under the emission line con- 
tour, which of course is a measure of the intensity of the x-ray line which it 


represents, one has 
*° =6bdx 
[ = 2ab f —_——- = rab. (2) 
0 b? + x? 


Since Eq. (1) really fits very nicely an x-ray emission line as measured with a 
double crystal spectrometer, (2) indicates that for a given line the maximum 
ordinate of an x-ray line is a correct measure of its intensity (i.e., as a function 
of excitation voltage as in work by Wooten,' and DuMond and Hoyt’) pro- 


! Wooten, Phys. Rev. 13, 71 (1919). 
2 DuMond and Hoyt, Phys. Rev. 36, 799 (1930). 
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vided of course that }, the half-width at half-maximum, is not affected 
markedly (i.e., as by different excitation voltages). 

Eqs. (1) and (2) are general formulae which can be specialized and 
simplified by taking )=1 as the natural unit of the abscissa scale. This gives 


a 
° 1 + (x’)? 


I = za. (2)’ 





In this form the work of plotting is somewhat simplified. A table of the func- 
tion 1/(1+.°) is very useful in that most of the computation involved need 
only be done once although the computed results are to be applied to many 
line structures. 

As an example of the kind of fit one gets with this type of formula, Fig. 1 
gives an actual emission line Mo Ka, measured with a double crystal spectro- 
meter in the first order. To make the fit, one measures the maximum ordinate 
a, and the half-width at half-maximum ), (which is taken as the unit of the 
abscissa scale in (1)’) and calculates the various points which fit as indicated. 
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Fig. 1. An actual spectral line (Mo Ka, real—ay artificial) measured by means of the 
double crystal spectrometer by Richtmyer and Barnes. The Mo Ka doublet was excited at 50 
k.v.and 10 m.a. The vertical divergence of the x-ray beam was less than 30 minutes of arc; hence 
the measured curve must closely approach the natural structure of the x-ray line. The solid dots 
represent observed points while the open circles represent the calculated points obtained from 


the empirical Eq. (1). 


The author has applied this formula to the following x-ray lines as meas- 
ured with the double-crystal spectrometer: Mo Kai, ae, y, Cu Kai, ae, all of 
which were x-ray emission lines. The formula was also applied to the scattered 
radiation lines Mo Ka;.. unmodified and Mo Ka; 2 modified radiation. In this 
latter case the fit may well be fortuitous. However, in all cases available the 
fit was exceedingly good for first order lines. In every case cleavage faces of a 
calcite crystal were used in the spectrometers. 


UsEs FOR THE EMPIRICAL FORMULA 


Several uses for the empirical formula immediately present themselves. 
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(1) The several orders of a spectral line can be compared as can also 
different spectral lines. Of course this is not essentially different from a direct 
graphical comparison except that one has an actual, workable, analytic 
equation of the line contour instead of merely a functional curve J(A). 

(2) In the Ka doublet, for example, one can use the analytic equation of 
two partially superposed lines of different intensity to determine just where to 
locate the continuous background since the midpoint ordinate of the saddle 
between the two lines always bears a definite ratio to the maximum ordinate, 
being in the case of Mo Ka about 2.3 and 4.6 percent of the maximum 
ordinate of a; and a: respectively. In this case one has 
ek. Sa ae 

1+ (x)? ) 14 (x’— A)? - 
where A ~ 16 times the half-width at half-maximum. (See Fig. 1). (A is taken 
as 16 b for the purpose of illustration only. It is determined graphically in 
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Fig. 2. This illustrates the use of the empirical formula in determining the separation of 
partially resolved components of an observed line structure of simple form. 


this case. It varies to values as high as 25 b for some spectral lines depending 
on the perfection of the crystals of the spectrometer and the kind of correc- 
tions one applies to the experimental data.) To obtain the midpoint ordinate, 
one puts x’=A/2=8 and A=16 in Eq. (3) and solves for ynp,’, the ordinate 
of the midpoint of the saddle. One gets 


Ympe = 0.023a (4) 


where a is the maximum ordinate of Ka;. This relation (4) gives a method of 
locating the background which is better than a guess since one has from the 
experimental observations both the peak of a; and the midpoint of the saddle 
as places to measure down from. 

(3) In case there is partially resolved structure in the experimentally ob- 
served curve, one can attempt to get at its real nature by measuring the 
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location of maxima, minima and inflection points, and calculating their 
location as a function of intensity ratios and separations of the various com- 
ponents in an assumed empirical equation of the type (3). In general, this is 
laborious, but in clear cut special cases the labor is much reduced. In the 
case shown in Fig. 2, one measures the ordinate of the inflection point (or any 
other) on the delta line and finds it to be a/9 where a is the maximum or- 
dinate of the y line, and determines the intensity ratio of the two as 7:1 by 
means of a planimeter. (In Fig. 2 one interpolates the dotted background for 
the 6 line by Eq. (1) applied to the y line or by a graphical means such as a 
spline. One next measures with a planimeter the area under the 6 line and 
above the dotted line and compares this with the area measured under the. 
y line proper and above the background. The ratio of these areas is about 
7.3:1, for purposes of illustration, say 7:1.) The equation of the two super- 
posed is, for the point y; 
a a/7 
y= +> (5) 
1 + x1? 1 - (x, ae A)? 

y, is measured as a/9, and x; as —5 b. Solving (5) numerically, one gets 
—A=3.88b, and since )=0.2 x.u., —A=0.675 x.u. Assuming that the lines 
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Fig. 3. The rocking curves shown are for a pair of calcite crystals in the parallel position 
(1, —1). The curves are selected from a series of curves which were taken in the process of mak- 
ing the axes of rotation prallel. The particular curve chosen from each series is the one which 
gives the minimum width at half-maximum ordinate. The observations, made by Richtmyer 
and Barnes are represented by solid dots; while the full line curves and the open dots are from 
the empirical formula. The figure shows the type of fit obtainable for two widely different wave- 
length regions, Mo Ka; and W Kay. 


y and 6 are similar, this value for the separation should be much better than 
a graphical guess. Of course this value hangs on the assumption that the lines 
are similar.* 

Eq. (1) is a curve which is determined by fixing the values of two con- 
stants. Obviously one need not be able to measure the maximum ordinate 
and the half-maximum half-width to get the exact analytic equation of the 
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line. One need only measure the coérdinates of any two points anywhere on 
the curve. A method of getting b and a from a series of measurements on two 
or more points has been devised by the author. 


ROCKING CURVES—PARALLEL POSITION OF CRYSTALS 


Eq. (1) appears to be a formula of a very useful type since it also fits 
the rocking curve obtained with the crystals of the spectrometer in the 
“parallel” (x, —m) position. The author has applied the formula to many of 
the rocking curves published in the literature. Great difficulty was often en- 
countered here because the background of the rocking curves was frequently 
. not given. An example of the type of fit one gets with a rocking curve for the 
parallel position of the crystals is given in Fig. 3. The fit is made for the nar- 
rowest rocking curves obtained when the crystal axes were being given their 
final adjustment for exact parallelism. 


THEORETICAL JUSTIFICATION OF EQ. (1) 


After using Eq. (1) for some time, a search of the literature was made to 
justify it. In the case of resonance lines, Weisskopf and Wigner,‘ and F. 
Hoyt® have made the calculation of the intensity function from the view- 
point of the Dirac quantum theory of the radiation field. These investigators 
get formulae which are essentially the same: 


y*hvodv 
I(v)dy = ——— : . (6) 
(y/2)? + 4x°(v — v0)? 

where y is the Einstein probability coefficient of spontaneous transition and 
vo is the frequency of the peak of the emission line. A constant factor yhvo 
was added to the numerator of Eq. (6) as given by Weisskopf and Wigner to 
make it dimensionally correct, and to make the total intensity of the spectral 
line be 





I =f I(v)dv = yhvo. 


Taking 
T(A)dX = I(v)dv 
vrA=C 
dv = (c/d*)(— dd) 


Eq. (6) becomes 

4he?(— dr)/dod?* 
1 + (Ao — A)*(4arc)?/(Aody)? 
Since Eq. (1) has appreciable values only when A ~Ag, it is indistinguishable 


from (6)’ and hence (6). These equations give the maximum ordinate and the 
half-maximum half-width in wave-length units 


T(A)dy\ = 





(6)’ 


§ DuMond and Hoyt, Phys. Rev. 38, 839 (1931). 
* Weisskopf and Wigner, Zeits. f. Physik 63, 54 (1930). 
5 F, Hoyt, Phys. Rev. 36, 860 (1930). 
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a 


b 


the? /Aod? (7) 
AX = (Ao — A) = YAAo/4ae. (8) 


In deriving expression (6), y was assumed proportional to the intensity of the 
emission line. It is found experimentally that the maximum ordinate of a 
particular x-ray emission line is a good measure of its intensity.' /7ence it is 
very disturbing to note in Eq. (7) that the maximum ordinate is independent of 
y, while the half-maximum half-width is proportional to y. However, it is 
quite pleasing to find that (1) and (6)’ are practically indistinguishable in 
form. 

From classical theory on the basis of a damped linear oscillator, one gets a 
similar type of formula with a damping factor y/2 and a half-width at half- 
maximum of yAXo/47c in wave-length units. On the classical theory of 
radiation damping 

y/2 = 49r°e?/3mecr*. (9) 
Substituting (9) in (8) 


b = AX = 2re*?/3mc*? = 0.06 x.u. (10) 


which leaves the half-maximum half-width ascribable to radiation damping 
independent of wave-length.°® 

In making the experimental measurements, the line contour observed is 
made up of three parts, one the natural or real line width; the others are 
spurious widths due to geometrical causes such as vertical divergence of the 
x-ray beam and crystal perfection. The width due to vertical divergence can 
be made negligible by the use of a vertical slit system since for the small 
angles involved, it is dependent on the square of the angle of vertical diver- 
gence. To correct for the crystal imperfection, one takes observations on the 
transmission of the crystals in the “parallel”’ position. Expressing the /a/f- 
widths W, and Ws, for the rocking curves of the two crystals in angular 
measure, the half-width of the line W, in linear measure, and the dispersion 
D as d6/dX, one has, following Schwarzschild’ and Allison and Williams,’ 
for the observed width of a spectral line measured in any of the “anti-parallel”? 
positions 


We=WP+We+ DW? = wWer+ DW (11) 


where all curves involved were assumed Gaussian in shape. This of course is 
only approximately true. A more exact method of making this type of cor- 
rection has been worked out by Spencer.® He finds that Eq. (11) does not 
give a large enough correction. Typical experimental data appear in Table I. 
One notes from the data given that by Eq. (11) the effect of the rocking curve 
(parallel position) makes up about a quarter or less of the observed width. A 
comparison of Eq. (10) with the last column of the table is also of interest. A 


§ Allison and Williams, Phys. Rev. 35, 1490 (1930). 
7 Allison and Williams, Phys. Rev. 35, 149 (1930). 
8 Schwarzschild, Phys. Rev. 32, 162 (1928). 

® Spencer, Phys. Rev. 38, 625 (1931). 
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TABLE I. 








Half-widths W, of 








Observer rocking curves, parallel §_Half-widths W) of spectral lines. 
position (1, —1) Anti-parallel position (1, 1) 
Mo Ka, —wa 
Spencer!’ Crystals No. 2 2.6-4.5 sec. 9.15 sec. 0.267 X.U 
Allison and Williams® a4 5.4 sec S100 * 
omen Ag Ley i 
Spencer!® Crystals No. 1 6 105. sec. 2.20 “ 
pawn Cy Ke, “7 
Spencer!® Crystals No. 1 6 21.5 sec. 0.61 . 
ae io 4 


Williams" 2.6 15.7 sec. 0.44 « 








more extensive collection of data on line widths can be found in the second 
edition of “X-ray Spectroscopy” by Siegbahn. 


DISCUSSION 


The discrepancies between theory and experiment are real. These may 
indicate (1) that the line widths measured with the double crystal spectrom- 
eters are not the natural widths but are in part ascribable to the crystals 
themselves (although the rocking curves in the parallel position seem to pre- 
clude this), (2) that unresolved structure is present, (3) that the radiating 
atom is appreciably disturbed at its interior by neighboring atoms in the 
solid target, and hence that (4) further refinements of the theory of the 
radiation processes are required to account for this greater natural breadth 
observed; and also to relate the maximum ordinate to the intensity of the 
line. 

Other investigators have used the type of analytical representation given 
in Eq. (1) for emission lines. J. H. Williams! used a formula of approx- 
imately” this type since he was comparing the measured shape of the 
uranium La, line with the shape predicted by the classical theory. In his 
case (L series lines) he found that the fit was good except at the “tail” or foot 
of the line where measured values were less than calculated values of the 
intensity. The same type of departure takes place for higher order reflection 
from crystals. Williams used a double crystal calcite spectrometer. The fact 
that a curve of type (1) fits well the measurements of DuMond and Hoyt 
and Richtmyer and Barnes but not so well (?)" the work of Williams in- 
dicates that the shape may not be independent of the particular pair of 
crystals used, and it may be premature to ask theorists for broader lines. 

The author is indebted to F. K. Richtmyer and E. H. Kennard for en- 
couragement and consultation. 


10 Spencer, Phys. Rev. 38, 630 (1931). 

1 Williams, Phys. Rev. 37, 1442 (1931). 

12 There appears to be an error in the formula used by Williams in that it includes a term 
of the type [(27v)* — (2v9)?] instead of the proper term (27 —27v0)? as in Eq. (6) of this paper. 
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The Compound Photoelectric Effect of X-rays 
in Light Elements* 


By Gorpon L. LocHER 
The Rice Institute 
(Received March 24, 1932) 


The K fluorescence yields of oxygen, neon, and argon have been found from the 
numbers of double photoelectron tracks (produced by auto-ionization), and the num- 
bers of single tracks, on 1950 stereopictures made in a Wilson cloud chamber, with 
atmospheres containing small amounts of the gases under investigation. From the 
data of this experiment and the K absorption data collected by Wien and Harms, the 
yields are: oxygen 8.2 percent, neon 8.3 percent, and argon 14.9 percent, for 0.709A 
x-rays. The K yields previously found for heavier elements by A. H. Compton, M. I. 
Harms, and L. H. Martin, and those given here, mostly lie on a smooth curve. Auger's 
value for krypton seems to be 13 percent to low, and that for argon, at least 45 percent 
too low. The most probable values of the K yields of 47 elements are considered to be, 
at present, as follows: O 8.2, F 8.5, Ne 8.8, Na 9.3, Mg 9.9, Al 10.5, Si 11.2, P 12.0,S 
12.8, Cl 13.8, A 14.9, K 16.0, Ca 17.2, Se 18.5, Ti 20.0, Va 21.7, Cr 23.6, Mn 25.5, Fe 
28.4, Co 31.2, Ni 34.4, Cu 37.8, Zn 41.2, Ga 44.3, Ge 47.4, As 50 5, Se 55.3, Br 55.8, 
Kr 58.2, Rb 60.2, Sr 62.2, Y 64.0, Zr 65.5, Nb 67.0, Mo 68.0, Ma 69.1, Ru 70.0, Rh 70.8, 
Pa 71.7, Ag 72.5, Cd 73.0, In 73.5, Sn 74.0, Sb 74.5, Te 74.8, I 75.0, Xe 75.3, expressed 
as percentages of the K quanta that escape from K ionized atoms. The L yield of argon 
is estimated to be between zero and 20 percent, on the basis of the numbers of tracks 
counted. A new type of double track has been observed; its components are of similar 
energy, but produce very unequal ionization. They are believed to be due to krypton 
atoms with metastable lives of the order of 0.01 second. The cloud method can be 
used for detecting heavy gases in light ones. It is shown that 15 parts of krypton in 10° 
of oxygen, or 50 parts of xenon in 10° of oxygen, will give 2 percent of characteristic 
double tracks due to the heavy element. 


INTRODUCTION 


HE compound’ photoelectric effect consists in the almost simultaneous 
ejection of two or more electrons from an atom by a single photon, as a 
result of the atom’s absorption of its own fluorescent radiation. Using the 
Bohr atom model, the mechanism of this phenomenon is as follows: when a 
K electron is ejected by x-rays, an outer one drops into the vacant orbit, ac- 
companied by the emission of a K quantum characteristic of the atom. But 
this fluorescence quantum is in the interior of the atom and has a consider- 
able chance of being absorbed by one of the outer electrons before emerging, 
thereby ejecting it with energy characteristic of the atom and level con- 
cerned. The net result is that two electrons are set free by one photon. In 
sufficiently heavy elements, three or more may be successively liberated by 
similar action in the several electronic shells. This effect was recognized in 
1925 by Auger’ as the explanation of certain types of multiple photoelectron 
* This research was supported, in part, by a Grant-in-Aid from the National Research 
Council. 


1 P. Auger, Comptes Rendus 180, 65 (1925); Jour. de Physique et Radium 6, 205 (1925); 
also Ann. de Physique 6, 183 (1926). 
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tracks that he found in a Wilson cloud chamber. C. T. R. Wilson® had previ- 
ously observed similar tracks and commented on them at some length, but it 
appears that he did not fully understand their origin. 

Compound action does not follow every K ionization, else fluorescent x- 
rays would never be observed, but it greatly reduces x-ray fluorescence, es- 
pecially from elements of low atomic number. In this connection, the “K 
fluorescence yield” is conveniently defined as the fraction of all K quanta 
that escape from the atoms in which they originate, without producing 
compound action. Similarly, the Z fluorescence yield is the fraction of the 
fluorescent L quanta that escape, and so on. The K yield is the most im- 
portant of these, particularly for hard x-rays and light elements, because 8&5 
percent or more of all primary photoelectrons come from K levels. It might 
be supposed that a quantum of fluorescent radiation would have a greater 
chance to escape if there were but few peripheral electrons between it and 
the outside of the atom, but the opposite is true: the K yield increases with 
atomic number, instead of decreasing. It seems desirable to determine the 
fluorescence vields of as many elements as possible, for it is only by know- 
ing these and the relative absorption of the incident radiation by the K 
L, M/, and N rings that one can predict the number of photoelectrons liber- 
ated by any given number of quanta, and the ionization resulting therefrom. 

Auger' deduced values for the K yields of argon, krypton, and xenon, by 
counting the numbers of single and double tracks formed in cloud-chamber 
atmospheres containing these gases. The double tracks originate from com- 
pound action, while the single ones are made by electrons ejected (from any 
orbit) by the ordinary process. His measurements were followed by those of 
Harms* and A. H. Compton,’ who determined the K yields of 8 elements be- 
tween 26 and 42 by measuring the relative intensities of incident and the 
corresponding fluorescent x-rays from solid fluorescers, using ionization 
chambers. Martin® explored the same range and also found the K yield of 
iodine, with a special ionization method. The approximate agreement of the 
results of these careful experiments, seems to fix the values for elements be- 
tween 26 and 42, with considerable certainty. The present paper describes 
cloud-method determinations of the yields of oxygen, neon, and argon, and a 
correlation of the results with previous ones. In this way, a continuous range 
is made available for elements 8 to 54. The cloud method is somewhat more 
direct than those using ionization chambers, and seems preferable when the 
material investigated is a suitable gas or vapor. On the other had, it is much 
slower because it involves the collection and minute examination of large 
numbers of stereoscopic pictures. 

APPARATUS AND PROCEDURE 

Fig. 1 shows the general arrangement of the apparatus. X-rays generated 
in a tube A, pass through filters into the expansion chamber of a Wilson cloud 

* C. T. R. Wilson, Proc. Roy. Soc. A104, 1 (1923). 

* M.1. Harms, Ann. d. Physik 82, 87 (1926). 

‘A. H. Compton, Phil. Mag. 8, 961 (1929). This paper contains a good summary of preced- 


ing work on this subject, and makes some necessary corrections of Harms’ data. 
* L. H. Martin, Proc. Roy. Soc. A115, 420 (1927). 
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machine B, producing photoelectron tracks that are photographed by a pair 
of cameras C, while illuminated by the are D. 

The x-rays were taken from a water-cooled molybdenum Coolidge tube, 
operated for 0.04 sec. at 25 m.a. and 37 k.v.p., at each expansion. A Seeman 
spectrogram of the radiation showed intense A lines and negligible back- 
ground. The rays were filtered through 0.2 mm of aluminum, a “balanced 
filter”® containing strontium carbonate and zirconium oxide in equal atomic 
concentrations of the metals, and 5 mm of Pyrex glass; the wave-length trans- 
mitted is taken as 0.709A. The work of Compton,! Martin,’ and Auger! indi- 
cates that the A vield is independent of the wave-length of the exciting 
rays, so that small variations in this should certainly have no effect. Intensity 
requirements of the experiments were met by varying the diameter of the 
x-ray beam through the chamber from 1 to 3 mm. 





Fig. 1. Experimental arrangement. 


Details of the cloud machine have already been published,’ although some 
improvements have since been made. The apparatus is operated by turning 
a crank that mechanically drives the expansion mechanism and times the 
events connected with the cycle of operation. Once adjusted, hundreds of 
pictures may be taken without any appreciable change in the quality of the 
tracks. About 9000 pairs of pictures have been made with this outfit, includ- 
ing tracks originating from x-rays, cosmic-rays, and radioactive y-rays. 

Matched “Leica” cameras, mounted with their optic axes intersecting at 
22° in the cloud chamber, served as a stereoscopic camera. Their regular 

® Similar to that of P. A. Ross, J.O.S.A. and R.S.1. 16, 433 (1928). 


7G.L Locher, J.0O.S.A. and R.S.1. 19, 58 (1929). The chamber is 15.6 cm across; a flexible 
diaphragm replaces the customary cylinder and piston arrangement. 
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lenses which have an aperture of f. 3.5, were supplemented with auxiliary 
ones for close photography. The developed negatives (2.5 by 3.5 cm, each) 
were viewed in a Zeiss stereoscope equipped with achromatic lenses of 8 cm 
local length. It was found that the gain in contrast resulting from the use of 
“positive” motion picture film, instead of the customary negative film, much 
more than compensates for the smaller sensitivity of the former, which was 
used in this work. 

A convenient high-intensity mercury arc has been invented by the author 
to meet the unusual intensity requirements of cloud-track photography. De- 
tails of the arc, including its optical and electrical characteristics, will pres- 
ently be submitted for publication in The Review of Scientific Instruments. 
In this machine,a fine stream of mercury, issuing from a small hole in one elec- 
trode and impinging on the other, is continuously exploded in an iron cham- 
ber for 1/60 to 1/30 sec., at the time of photographing the tracks, with power 
consumption estimated at 10 to 15 k.w. The luminosity of this source is enor- 
mous, greatly exceeding that got from any of the high-intensity carbon arcs, 
or by exploding tungsten wires, or mercury vapor, previously tried. 

In order that the low-energy components of the compound action tracks 
should be as long as possible, the atmospheres used in the cloud-chamber 
were mainly composed of hydrogen. Tracks in hydrogen are much thinner 
and less persistant than in air, because of the lower density and viscosity of 
hydrogen, so the photographic exposure has to be short and the illumination 
strong. The expansion ratio that gave best results was found by trial to be 
about 1.25, at 33°C. Recoil electrons from hard y-rays were found convenient 
for such adjustment, since their tracks are very thin. 


RESULTS FOR OXYGEN, NEON AND ARGON 


In these experiments the temperature of the cloud chamber was kept at 
33° and the total pressure at 68 cm. It might be supposed that the increased 
lengths of the low-energy tracks, got by using lower gas pressure, would make 
their identification easier, but this apparent advantage is offset by increased 
diffuseness and thinness of the tracks formed at reduced pressures, especially 
in hydrogen. 

It was often difficult or impossible to identify the short tracks from oxy- 
gen and neon. (Their energies are respectively 528 — 50 = 478 volts, and 864 — 
22 = 842 volts; track lengths <0.5 mm).$ All tracks were discarded that could 
not be definitely classified as single or double, or in connection with which 
there was any other uncertainty. About as many were lost for various reasons 
as were kept. 


Oxygen 


The source of oxygen was the water vapor of the cloud chamber; pure 
hydrogen constituted the remainder of the atmosphere. Calculation of the re- 
lative amounts of the incident radiation absorbed by these two elements was 


8 F. Holweck, “De la Lumiere aux Rayons X” 134 (1927); also Compton and Mohler, 
“Critical Potentials,” 103 and 87 (1924). 
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based on the assumption that the vapor was saturated, although no appre- 
ciable error arises if this was not the case. The atomic fluorescence absorption 
coefficient of oxygen is 410 times that of hydrogen, which makes the hydro- 
gen absorption almost negligible. The data for oxygen are as follows: 


Atmosphere Oxygen 2.72 percent 
Hydrogen 97.28 percent, of the total number of atoms 


Number of tracks identified 644, on 900 pairs of pictures 
Single tracks 93 or 14.5 percent 
Double tracks 551 or 85.5 percent 


Absorption of incident x-rays’ oxygen 99.3 percent, hydrogen 0.7 percent 


Neon 


In this case it was desirable to know the exact composition of the atmos- 
phere, because the tracks due to oxygen are indistinguishable from those due 
to neon. The numbers of single and double tracks due to neon alone had to be 
deduced from the total numbers counted, by means of simple calculations 
based on the relative absorption coefficients of neon and oxygen, the relative 
numbers of atoms present, and the relative numbers of single and double 
tracks formed in oxygen alone. The last mentioned are 14.5 percent and 85.5 
percent, as shown above. Although the accuracy possible in this experiment 
is thought to be somewhat less than in the other two, because of the uncer- 
tainty about the saturation of the water vapor, the error is diminished by the 
proximity of neon to oxygen in the periodic table. The similarity of their K 
yields, which this suggests, is borne out by the results given later on in this 
paper. The principal data for neon are as follows: 


Atmosphere Neon 7.36 percent 
Water vapor 5.5 percent 
Hydrogen 87.14 percent, of the total pressure 


Number of tracks identified 1018, on 603 pairs of pictures 
Single tracks 182 or 17.88 percent 
Double tracks 836 or 82.12 percent 
Double tracks due to compound action in krypton, about 35 


Absorption of incident x-rays’ neon 72.0 percent, oxygen 28.0 percent 
(hydrogen <0.4 percent) 


Argon 


The short components of the double tracks counted in this case come from 
three sources: argon K photons (energy about 2930 volts), argon L photons 
(230 volts), and oxygen K photons (480 volts). The first are listed as “tracks 
with long companions”, and the other two as “tracks with short companions”. 
The data for argon are: 


Atmosphere Argon 5.1 percent 
Water vapor 5.5 percent 
Hydrogen 89.4 percent, of the total pressure 


® Calculated from Owen's formula, Proc. Roy. Soc. A94, 510 (1918), as modified by Richt- 
myer and Warburton, Phys. Rev. 22, 539 (1923). 
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Number of tracks identified 1828, on 450 pairs of pictures 
Tracks with long companions 1334 or 73.0 percent 
Tracks with short companions 224 or 12.2 percent 
Tracks with no companions 270 or 14.8 percent 

Sum of last two classes 494 or 27.0 percent 
Double tracks due to compound action in krypton, about 37 


Absorption of incident x-rays’ argon 96.0 percent, oxygen 4.0 percent 
(hydrogen <0.05 percent) 

To find the K yields, one must also know the relative absorption of the 
incident x-rays by the K, L, and JM electrons of the atoms concerned. Un- 
fortunately, adaquate data are not available on this subject, probably be- 
cause of the experimental difficulties involved in determining them. So it has 
been found necessary to extrapolate the relative absorption data found for 
heavier elements, to get values for the light ones. This is, evidently, not very 
satisfactory procedure, but there is reasonably good agreement of the values 
of the yields found by applying three sets of these data. Two of the sources 
were the atomic fluorescent absorption coefficients found by Richtmyer and 
Warburton" and by Gray." The former are expressed by the formulae 


Ta = 2.24Z°%? K 10-** --- 0.14 <A < AK (1) 
ta = 0.33Z4X? K 10-7 --- AK CA < Ags. (2) 


Gray’s formulae are derived by comparing (1) and (2) with similar ones given 
by Allen,” and are as follows 


1.92(1 + 0.008Z)(1 — A/4AK — A/5OAK*)Z4A3 K 107-78 


tT = 

+--+ 0.14 <X < dx (3) 
ta = 0.255272? K 10-77 - >. AK <A < Az (4) 
Ta = 0.058Z*A2-* K 107% ~~ AL, <A < Ams. (5) 


A third set of values, which are probably the best ones, were got by interpo- 
lation (for argon), and by a very reasonable extrapolation (for oxygen and 
neon), of values collected in Wien and Harms’ Handbuch.” 

On the basis of these, Table I was prepared: 


TABLE I. Relative absorption of 0.709A x-rays by K, L, and M electrons. 

















Source Absorption, percent Absorption, percent 

Oxygen K Oxygen L Neon K Neon L 

(a) 87.8 12.3 86.2 13.8 

(b) 93.3 6.7 92.8 7.2 

(c) 85.3 14.7 85.3 14.7 
Argon K Argon L Argon M 

(a) 88.6 8.3 a8 

(b) 90.8 9.2 

(c) 85.3 14.7 








(a) Calculated from Gray's formulae. 

(b) Interpolated and extrapolated from Wien and Harms’ collected data 
(c) Calculated from Richtmyer and Warburton’s formulae 

10 F. K. Richtmyer and F. W. Warburton, Phys. Rev. 22, 539 (1923). 

" J. A. Gray, Trans. Roy. Soc. of Canada 21, 179 (1927). 

2S. J. M. Allen, Phys. Rev. 27, 226 and 28, 907 (1926). 

18 “Handbuch der Experimentalphysik”, 24, part 1, 256 (1930). 
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From these and the data previously given, we get the following values 
for the K fluorescence yields of oxygen, neon, and argon, expressed as per- 
centages of K quanta that escape from K ionized atoms: 


Oxygen Neon Argon 
(a) 2.34 2.84 2.49 
(b) 8.21 8.29 14.88 
(c) 0 1.82 9.40 


Calculation of the K yield of neon, from (a), above, is given as an illus- 
tration of the method used. 

Let S, and So=number single tracks from neon and oxygen; C, and 
Cyo=number double tracks from neon and oxygen; S=total number single 
tracks observed; S,;=total number single tracks due to oxygen and neon; 
C=total number double tracks due to oxygen and neon; S;=S—35 (esti- 
mated number of single tracks due to krypton, on the basis of the number of 
double tracks) 


S; = 147 S,+S,) = 147 S,4+C, 0.72(836 + 147) = 707.8 
C 836 Crza+tCo = 836 So = 0.145(S9 + Co). 

These give S,=115, C,=593, So=32, Co=243. Of the 708 neon tracks, 
13.8 percent should come from the L shells, so the number of single tracks 
from the K shells, S;, is S,—0.138 (S,+C,) =17.3. The total number of 
tracks from the K shell is S,+C, so the K yield is 

Wx = Sx/(Sx +C) = (Sa — 0.138(Sa + Ca))/(Sn — 0.138(S, + Ca) + Cy) 
Wk = 0.0284, or 2.84 percent. 


Equivalent procedure is followed for getting the yields of oxygen and ar- 
gon. It is somewhat more complex in the case of argon, because the 1 elec- 
trons have to be dealt with. 


TABLE II. K fluorescence yields, collected data. 

















Element Observer Method K yield, percent 

8 O Locher Cloud (a) 2.3 (b) 8.27 
10 Ne Locher Cloud (a) 2.8 (b) 8.3 
18 A Locher Cloud (a) 12.8 (b) 14.9 
ig A Auger Cloud £ 

26 Fe Harms* Ioniz. 28.2 

26 Fe Martin Toniz. 29. 

28 Ni Compton loniz. a. 

28 Ni Martin Toniz. 35. 

29 Cu Harms Toniz. 37.8 

29 Cu Martin Toniz. 40. 

30 Zn Harms Toniz. 40.3 

30 Zn Martin Toniz. 46. 

34 Se Compton Toniz. 54. 

34 Se Harms Toniz. 51.7 

34 Se Martin Toniz. 59. 

35 Br Compton loniz. 56. 

35 Br Martin Toniz. 59. 

36 Kr Auger Cloud 30.) 

51 

38 Sr Harms Toniz. 61.5 

42 Mo Compton Toniz. 68. 

53 I Martin Ioniz. 75. 

54 Xe Auger Cloud i 








* Harms’ values are corrected by Compton. 
t The values (5) are preferred. 
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VARIATION WITH ATOMIC NUMBER 


Table II is a collection of the experimental values of the K yields of 14 
elements, that seem to be the most reliable data now available. Fig. 2 shows 
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TABLE III. A fluorescence yields, interpolated values. 


Element K yield, percent Element K yield, percent 
(a) (b) 
4 
8 O 2.3 8.2 33 As 50.5 
9 F 2.9 8.5 34 Se 53.3 
10 Ne 3.6 8.8 35 Br 55.8 
11 Na 4.5 9.3 36 Kr 58.2 
12 Mg 5.4 9.9 37 Rb 60.2 
13 Al 6.4 10.5 38 Sr 62.2 
14 Si 7.6 0.2 39 ¥ 64.0 
15 P 8.8 12.0 40 Zr 65.5 
160 8 10.1 12.8 41 Nb 67.0 
: 17 Cl 11.4 13.8 42 Mo 68.0 
1s A 12.8 14.9 43 Ma 69.1 
19 Kk 14.3 16.0 44 Ru 70.0 
20 Ca 16.0 17.2 45 Rh 70.8 
21 Sc 17.8 18.5 40 Pa 71.7 
22 Ti 19.7 20.0 47 Ag 72.5 
23 Va 21.6 ye Y 48 Cd 73.0 
24 Cr 23.7 23.6 49 In 73.5 
25 Mn 26.0 25.5 50 Sn 74.0 
26 Fe 28.4 28.4 51 Sb 74.5 
27 Co 31.2 52 Te 74.8 
28 Ni 34.4 53 1 75.0 
29 Cu 37.8 54 Xe 75.3 
30 Zn 41.2 
31 Ga 44.3 
32 Ge 47.4 
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that they mostly lie on a smooth curve. In plotting this curve, a little more 
weight has been given to the data of Harms and Compton than to those of 
Martin, because of the difference in their experimental methods. The lower 
branch (B), corresponds to the data (a), of Table I], while the upper branch 


Fig. 3. a, b, and c. Cloud tracks showing compound photoelectric action of x-rays in oxygen 
neon, and argon, respectively. d, also shows a diffuse track of an a-particle and a compound 
track, due to krypton. The arrows indicate the direction of the x-ray beam. Mag. X0.73. 
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(A), which corresponds to the data (0d), is believed to give the best represen- 
tation of the actual variation. Auger’s values were the first determined, and 
seem to be too low. 

It is interesting to notice that there is still an appreciable yield for very 
light elements, contrary to the expectation of Martin, whose extrapolated 
curve intersected the axis at Z=21. There is no evidence for believing that 
discontinuities exist in this curve, although the possibility of their existance 
makes interpolation between experimental points a little uncertain, and pro- 
hibits extrapolation to elements of lower atomic number. 

Experimental work might well be extended to heavier elements, in which 
the auto-ionization is less conspicuous, by the use of ionization methods, or 
Geiger counters. The small x-ray absorption of very light elements, and the 
smallness of the energies of the short components of their compound tracks, 
casts much doubt on the feasibility of attempting to extend the measurements 
to lighter elements, except, perhaps, by spectroscopic methods. It seems pos- 
sible, however, that the yields might be deduced by measuring the intensities 
of spark lines, since these intensities are believed to be altered by auto- 
ionization. 

DiscUssiION 

Fig. 3, a, b, and c, are typical pictures taken in atmospheres containing 
oxygen, neon, and argon, respectively. Fig. 3, d, taken in neon, shows 4 com- 
pound tracks due to neon or oxygen, 1 single track (very diffuse), 3 recoil ele- 
trons, 1 compound track due to krypton (with the long branch), and 1 very 
diffuse a-particle track; two of the tracks are branched, and two others have 
spiral paths. 

The formation of compound tracks in a gaseous mixture provides a sensi- 
tive way of detecting small amounts of heavy gases, such as krypton, among 
light ones. One can rather easily identify the double tracks that hard x-ray 
produce under such circumstances, by the low-energy components whose 
lengths are characteristic of the parent atoms. Their relative numbers are 
simple functions of the absorption coefficients and the fluorescence yields. 
As an example, consider how the relative numbers of krypton and oxygen 
atoms, #; and 7, can be found from the total number of tracks, NV, in a kryp- 
ton-oxygen atmosphere, by using total number of double krypton tracks, No, 
(which is p percent of V), and the K yield of krypton, W,, the fraction of the 
krypton-absorbed incident x-rays, f;, that are absorbed by K-electrons,the 
atomic fluroescent absorption coefficients, 7; and 79, and the atomic numbers, 
Z,.and Zo, all of which are known. If the total numbers of krypton and oxygen 
tracks are NV, and No, we may write 

Na = Nefx(l — Wr). (1) 
From Owen's law 
tk To = Zx* Z,', whence 
Nx/No = nxZx4/noZo'. 
Also, 


Na/N = 9% = 0.0p = Nxfx(1 — Wx)/(No + Kx), oF 
NK/ No 0.0p fk — fkWk —_ O.0p). (3) 
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From (2) and (3) 
Nx Ny = V.0PZ.4 (fe — fk Wk = 0.0P)Z KF. (+4) 
If, for example, p=2 percent, 


0.02 &% 84 
NK Ny = = 0.000145 = 0.015 percent. 
0.85 — 0.85 X 0.58 — 0.02)364 

The neon and argon used in the present experiment were contaminated with 
about 0.02 percent of krypton, as found by similar calculations. Using Auger’s 
value for the A yield of xenon, we see that 7, my) = 0.000044, or 0.0044 percent 
of xenon atoms in oxygen will give 2 percent double xenon tracks, if suffi- 
ciently hard x-rays are used. The existence of this percentage would be readily 
noticed. 

Several curious types of tracks were found on the pictures taken in this 
experiment. Perhaps the most interesting that are not known to have been 





Fig. 4. Compound tracks whose components are of similar 


energy but very ~°qual density. Mag. X0.73. 


previously described, are double tracks resembling compound krypton tracks 
in all respects except that the two components are of unequal density. At 
first, these were regarded as cases of accidental coincidence of the starting 
points of two ordinary tracks, but their frequent occurrence presently made 
this improbable. A possible explanation is that they are due to K ionized 
krypton atoms that have a metastable life comparable with the time of sen- 
sitivity of the cloud chamber (0.01 to 0.04 sec.), so that the formation of the 
second component took place after the sensitivity of the atmosphere had ap- 
preciably diminished. Fig. 4 shows the beginnings of three tracks of this type: 
the density differences of the components vary considerably. In case the pro- 
posed explanation should prove correct, the approximate lives of individual 
excited krypton atoms could be found by measuring the displacements of the 
charged drops in the two tracks, resulting from the application of a suitable 
horizontal electric field in the chamber. The performance of this experiment 
is contemplated. Another possibility in this connection, is that two fast elec- 
trons that have about the same velocity may produce very different amounts 
of ionization per cm path. This might be explained by supposing that one was 
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spinning and the other not, or that some other abnormal condition affected 
the production of ions by one of them. Evidence for an effect of this type was 
seen in connection with the pictures recently examined: tracks of definitely 
established origin were occasionally observed, along which the ionization sud- 
denly diminished, accompanying a sharp bend in the track, and later increased 
in the normal manner as the electron slowed down. 

A rough determination of the Z yield of argon places it between zero and 
20 percent. This is not of much value, because the number of L tracks dealt 
with is small, and especially because the numbers of oxygen K compound 
tracks and argon L compound tracks have to be separately counted. Their 
short components have energies that differ only by 100 percent, whereas in 
getting the K yield, the smallest energy difference is about 600 percent. How- 
ever, the accuracy seems good enough to show that the L yield is small. 

When y-rays are scattered by K electrons, compound action may follow. 
This is shown by the fact that most recoil electron tracks from hard y-rays 
scattered in the gas of the cloud chamber, were double, just as the x-ray tracks 
were. Likewise, tracks produced by scattered x-ray quanta were observed to 
be double, usually. Neither of these observations is in the least surprising, 
because the auto-ionization that follows K ionization is an atomic phenome- 
non that should be independent of the particular type of radiation that sets 
it in motion. 

The author wishes to express his best thanks to Professor H. A.Wilson 
for his interest and advice throughout the course of this investigation. 
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The Ionization Potential of Molecular Hydrogen 


By WALKER BLEAKNEY* 
Palmer Physical Laboratory, Princeton University 


(Received April 6, 1932) 


A description is given of a mass spectrograph designed to work with gases at very 
low pressures. The metal parts are made entirely of tantalum and tungsten enclosed in 
an all glass system which may be baked out quite thoroughly, making it possible to 
work with gases at pressures of the order of 10-° mm. The apparatus has been applied 
to the study of the ionization potential of molecular hydrogen yielding a value of 
15.37 +0.03 volts. A discussion of all the previous measurements of this quantity is 
given, 


INTRODUCTION 


HE ionization potentials of molecules and in particular that of molecu- 

lar hydrogen have been of considerable interest for the last twenty years, 
and its measurement has been the object of more than twenty experiments. 
At first it was believed that a stable H.* ion did not exist and the efforts were 
directed toward learning the nature of the mechanism of ionization and how 
the energy was distributed between the various components. Now we know 
that as the velocity of the impinging electrons is increased from zero, the 
first ion formed in pure molecular hydrogen is the stable H.* configuration 
which may be changed subsequently by collisions with other molecules. The 
minimum energy required to produce this ion by electron impact from hy- 
drogen in the normal state has lately become of importance because of its re- 
lation to the host of facts now known about the potential energy curves, 
vibrational levels, heats of dissociation and band spectra of this molecule and 
the limitations imposed by the Franck-Condon principle. Probably all the 
physicists who have worked in this field now agree that this ionizing potential 
lies in the neighborhood of 16 volts. Considering the number of different de- 
terminations scattered over a period of several years and the accuracy claimed 
for them, the values obtained are surprisingly discordant. In Table I will be 
found a list of all the values of any importance known to the writer. 

Smyth! after a critical survey of all the best- values rejected the author's 
recent determination (and justifiably so) but hoped the experiment would be 
repeated using argon as the calibrating gas. Kallmann and Rosen’ on the 
other hand have given full credence to this value in their report. This experi- 
ment has now been repeated using an entirely new setup and it is the object 
of this paper to present the results. The author hopes he is not adding to the 
confusion by contributing a value which lies outside the range of all the other 
observations! 


* National Research Fellow. 
1 Smyth, Rev. Mod. Phys. 3, 347 (1931). 
? Kallmann and Rosen, Phys. Zeits. 32, 534 (1931). 
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TABLE I. Observed I. P. for molecular hydrogen. 














I. P. (volts) Observer® Reference 

15.8 Davis and Goucher Phys. Rev. 10, 101 (1917). 

15.7 Bishop Phys. Rev. 10, 244 (1917). 

17.1 Franck, Knipping, and Kriiger Ber. d. D. phys. Ges. 21, 728 (1919). 
15.1 Found Phys. Rev. 16, 41 (1920). 
16.5+0.5 Mohler and Foote Bur. Stan. Bull. 16, 669 (1920). 
16.9 Horton and Davies Proc. Roy. Soc. A97, 23 (1920). 
15.9 Compton and Olmstead Phys. Rev. 17, 45 (1921). 
17.1+0.2 Kriiger Ann. d. Physik 64, 288 (1921). 
15.6+0.1 Boucher Phys. Rev. 19, 189 (1922). 

16.0 Foote and Mohler Origin of Spectra, p. 68 

16.0 Mohler, Foote, and Kurth Phys. Rev. 19, 414 (1922). 

16.0 Olmstead Phys. Rev. 20, 613 (1922). 

15.8 Mackay Phil. Mag. 46, 828 (1923). 

15.9 Horton and Davies Phil. Mag. 46, 872 (1923). 

16.7 Olson and Glockler Proc. Nat. Acad. Sci. 9, 122 (1923). 
15.8 Mackay Phys. Rev. 24, 319 (1924). 

15.7 Hogness and Lunn Proc. Nat. Acad. Sci. 10, 398 (1924), 
16.0 Smyth Phys. Rev. 25, 452 (1925). 

16.0 Hogness and Lunn Phys. Rev. 26, 44 (1925). 

16.5 Dorsch and Kallmann Zeits. f. Physik 44, 565 (1927) 

16.1 Langmuir and Jones Phys. Rev. 31, 357 (1928). 

16.5 Vencov C. R. 189, 27 (1929). 

15.4+0.1 Bleakney Phys. Rev. 35, 1180 (1930). 
15.6+0.1 Smith Phys. Rev. 39, 270 (1932). 


15.37+0.03 Bleakney This paper 








APPARATUS 


The apparatus employed was in the form of a mass spectrograph to 
which reference has already been made‘ but one which has never been de- 
scribed in detail. The basic principles are the same as the one previously used 
by the author® with the exception of the analyzer. A large water-cooled 
solenoid was made in the Palmer Laboratory shops one meter in length and 
5 inches bore capable of producing a field of 1500 gauss continuously without 
the introduction of any iron in the magnetic circuit. With such a field it was 
possible to employ the semicircular type of analyzer as first introduced by 
Dempster.® An isometric drawing of the metal parts of the vacuum tube is 
shown in Fig. 1. Electrons from the filament F are accelerated between the 
first two diaphragms of the electron gun G and pass between the plates A and 
B as shown by the dotted lines. They are finally collected on the inclined 
plate P which is maintained about 100 volts positive with respect to the rest 
of the trap 7 in order to prevent the escape of secondary electrons. The elec- 
tron beam is kept accurately lined up with the apparatus by the longitudinal 
magnetic field J7. The positive ions formed along the electron path are 
accelerated through the two slits S; and S2 by a small field between A and B 
and a stronger one between B and C. The ions then travel on the arc of a 
circle due to the influence of the magnetic field J7. The radius r of the circle is 


3 The values listed in this table were reported, in many cases, merely as critical potentials 
and it was only later that the true explanation became apparent. 

4 Bleakney, Phys. Rev. 39, 536 (1932); 40, 130 (1932). 

® Bleakney, Phys. Rev. 34, 157 (1929). * 

6 Dempster, Phil. Mag. 31, 438 (1916). 
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determined by the relation, 
m/e = r°H?/2V 


where V is the velocity expressed in equivalent volts which the ion has ac- 
quired before passing through S2. Obviously the value of r may be deter- 
mined by adjusting V such that ions having a particular value of m/e will 
pass through the third slit S; and fall upon the plate K which is connected to 
a Compton electrometer having a sensitivity of 5000 mm per volt. When 
several different types of ions are present they may be passed in succession 
before the slit Ss; by varying the accelerating potential V. The plate L may 
also be connected to the electrometer and serves to measure the total number 
of ions in a particular beam when the potential V is adjusted so that the 
totality of the beam falls upon it. The whole apparatus within the vacuum 
tube is made of the two metals tantalum and tungsten with Pyrex glass in- 
sulation. The tube is entirely free of wax and grease joints and is permanently 
mounted within a furnace. The furnace itself is mounted inside the water- 





Fig. 1. Isometric drawing of the apparatus with sections cut away to show the interior. 
All dimensions are to scale except the widths of the slits which are 1.0, 0.2, and 0.5 mm for 
Si, S: and S; respectively. 


cooled solenoid so that the tube may be baked out at any time without dis- 
turbing anything. With this apparatus it is possible to study ionizing po- 
tentials with pressures ranging from 10~* to 10-7 mm Hg. 


PROCEDURE AND RESULTS 


After the tube had been evacuated and baked until the residual pressure 
was less than 10-7 mm Hg as measured by using the tube itself as an ioniza- 
tion gauge, a mixture of hydrogen and argon was admitted and allowed to 
flow continuously out through the pumps. The hydrogen was admitted 
through a palladium tube and the argon, which had been purified in a misch 
metal arc, was allowed to leak through a fine capillary. The pressure of the 
argon in the reservoir as well as the temperature of the palladium tube could 
be controlled and hence the partial pressures of the two gases in the ionizing 
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chamber could be varied at will. For a given steady mixture the analyzer was 
set to catch the H2* ion and a run was made studying the intensity of this 
ion as a function of the electron velocity. Immediately thereafter the field 
between B and C was changed so that the intensity of the At ions could be 
submitted to a like study, everything else remaining as nearly constant as 
possible. In the region AB the paths of the ions are bent slightly before enter- 
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Fig. 2. Typical ionization potential curves showing the positive ion current as 
a function of the electron velocity (uncorrected). 
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ing S, due to the magnetic field and since the electric field between A and B 
is held constant throughout it follows that the H,* ions will be deflected 
more than the heavier A+. Hence in order to enter the slit S,; the H.+ and At 
ions must start from different points. The electron velocity will not be the 
same at these two points due to the potential drop in the filament. However 
this discrepancy will be reversed in sign when the filament current is reversed 
and the mean should be free of any such error. The shift observed on reversing 
the filament current was about 0.2 volts. Eight different runs were made to 
determine the difference between the ionizing potentials of H.+ and At. Each 
of these runs was checked by varying the electron velocity in the opposite 
direction making really sixteen runs in all. Of the eight values four were made 
with the filament current reversed so that on averaging corresponding pairs 
four independent values of the difference were obtained. They were 0.40, 
0.25, 0.35, and 0.30. In every case argon showed the higher I.P. In Fig. 2 is 
shown a typical run. Assuming the value for argon to be 15.69 the I.P. for 
H,.* is * 
I.P. = 15.37 + 0.03 volts 


where the probable error is calculated from the internal consistency of the 
data. Measurements taken under a variety of conditions representing changes 
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in pressure of one-hundred fold, in electron current of tenfold, and in mag- 

netic field of twofold failed to show any consistent variations in the ioniza- 

tion potential. In all cases the relative pressures were adjusted so that the in- 

tensities of the two ion peaks were of the same order of magnitude. 
DISCUSSION 

The results of this experiment agree very satisfactorily with those pre- 
viously reported by the author.’ There seems to be no obvious systematic 
error in this method although it differs from all the other work. In many of 
the older experiments the effect of velocity distribution of electrons and con- 
tact potential was unknown. Usually the apparatus was calibrated by ad- 
mitting a gas whose I.P. was known. This gas was then removed before ad- 
mitting the hydrogen and it is possible that the contact potential changed at 
the same time. This would not account for the results obtained by Dorsch and 
Kallmann, Hogness and Lunn, Smith, and Mackay however since in these 
experiments the two gases were mixed together. In these cases the dis- 
crepancy may be entirely due to the sensitivity of the apparatus. A study of 
the potential energy curves in the light of the Franck-Condon theory shows 
that the most probable excitation is one to a higher vibrational state involving 
a total energy change of about 15.9 volts and the probability of transitions 
on either side of this value falls off. This probability is even appreciable at 
18 volts’ where the ion is just able to dissociate and it is believed that this 
experiment shows that this range may extend as low as 15.4 volts or lower. It 
may be well to point out that these results offer no contradiction to those of 
Harnwell® which showed that Ho++A—H-.+A?* because the H2* ion may 
have any energy from 15.4 to 17.9 volts and most of the hydrogen ions will 
have energies above the I.P. of argon. The theoretical minimum should be 
that energy required to transform the normal molecule from its lowest vibra- 
tional state to the corresponding lowest vibrational state of the ion assuming 
no change in rotation energy. This ionization potential has been calculated 
many times, both from band spectra and theory, with varying degrees of 
accuracy. Perhaps the best values are those calculated by Birge® from 
Richardson’s data on the band spectra and a later value given by Richard- 
son and Davidson.'® These were 15.34 and 15.381 volts respectively. The 
agreement with the result of this experiment, 15.37, seems to indicate that 
transitions by electron impact from the ground level of normal hydrogen to 
the ground level of the molecular ion are possible. 

In measuring the difference between the I.P.’s of Hz and A it is perhaps 
well to point out that the latter has two I.P.’s differing by 0.18 volts accord- 
ing as the argon ion is left in the *Py or the ?P; state. It seems safe to as- 
sume however that the minimum observed is the lower of these two, cor- 


7 Bleakney, Phys. Rev. 35, 1180 (1930). 

5’ Harnwell, Phys. Rev. 29, 830 (1927). 

® Birge, Proc. Nat. Acad. Sci. 14, 14 (1928). 

10 Richardson and Davidson, Proc. Roy. Soc. Al23, 466 (1929); Richardson, The Faraday 
Society, Molecular Spectra and Molecular Structure, Sept. 1929, p. 686. 
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responding to an I.P. of 15.69 volts. The slight “foot” at the end of the argon 
curve in Fig. 2 is probably due partly to the two I.P.’s and partly to the ve- 
locity distribution of the electrons. In helium which has only one I.P. to con- 
tend with the foot is less pronounced. The effect is quite marked in the case 
of H,* and is probably explained by excitation to the higher vibration levels 
of the molecular ion as the electron velocity is increased. 

The author is indebted to the National Research Council for the grant of 
a fellowship to carry on this work and to the Palmer Physical Laboratory for 
its facilities. He also gratefully acknowledges many helpful discussions with 
Professor H. D. Smyth and Professor R. Ladenburg. 
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Double Stern-Gerlach Experiment and Related Collision 
Phenomena 


By N. ROSEN AND C. ZENER* 
Massachusetts Institute of Technology and Princeton University 
(Received April 2, 1932) 


The theory of the double Stern-Gerlach experiment is developed where the rate 
of rotation has a maximum at t=0 and goes gradually to zero at t= + ©. The nega- 
tive results of the experiments of Phipps and Stern are completely accounted for. The 
same analysis is applied to those collision phenomena where only two quantum states 
need be considered, and where their difference of energy, AE, is so much smaller than 
the relative kinetic energy of the two systems that the positions of the centers of 
gravity of the two systems may be regarded as time parameters. If f(t) =27/h times 
the matrix element of the perturbation, and if A = /*,f(#dt, then the transition proba- 
bility is 
sin A 


ae | f(ther™ AFI egy | 





for the cases investigated, and this probably holds for all experimental cases. 


I. DouBLE STERN-GERLACH EXPERIMENT 
1. Introduction 


BEAM of alkali atoms all having the same spatial quantization may be 

obtained by the Stern-Gerlach experiment. The question arises, if such 
a beam of atoms is sent through a weak magnetic field which is rapidly ro- 
tating, will the spatial quantization remain unaltered, or will transitions 
occur which will separate the beam when it is subjected to a second Stern- 
Gerlach experiment? This question has been examined both theoretically! and 
experimentally.” 


CTT Vy a 


il | —e 


—T/Vp 0 m/w >t 
Fig. 1. Rate of rotation of magnetic field. 




















In view of the lack of agreement between the theoretical calculations of 
Giittinger and the experiments of Phipps and Stern, it is of interest to re- 
examine the theory of transitions in spatial quantization. An obvious im- 
provement is to replace the discontinuous rate of rotation of the magnetic 
field used by Giittinger, curve a in Fig. 1, by a continuous rate of rotation, 


* National Research Fellow. 
1 P. Giittinger, Zeits. f. Physik 73, 169 (1932). 
? T. E. Phipps and O. Stern, Zeits. f. Physik 73, 185 (1932). 
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such as curve 0 in Fig. 1. In the following section the analysis is carried 
through for such a rotating magnetic field. The results are in complete agree- 
ment with experiment in predicting no transitions in the particular arrange- 
ment of Phipps and Stern where the magnetic field rotates through an angle 
of 27.’ 


2. Analysis 


Since the only dynamical variable of an alkali atom which is appreciably 
affected by the weak magnetic field, 7, is the electron spin, the Hamiltonian 
may be written simply as // -o, where o is the magnetic moment of the spin. 
This spin variable can have only two quantum states, so the wave function 
may be written as the linear combination Yy=A(t)¥a+B(i)Ws, where Pa, Ws 
are the Pauli spin functions with reference to an arbitrary axis. In particular, 
if we choose this axis to be parallel to the magnetic field, which makes an 
angle @ with the fixed z axis, these functions will satisfy the wave equations 


(H-o — hv)ba 
(H-o + hv) 


0 
0 


(1) 


where v is the frequency of the Larmor precession. By means of the transfor- 
mation relations which relate Wa, Ys to the spin functions y,’, Ys’ referring to 
a fixed z axis, namely* 

Va = cos (0/2)~.' — isin (0/2)yp3’ 

V3 — isin (0/2)Wa' + cos (0/2)Wa’, 


we see that W., Ws are related by 


Ve = — i(6/2)s i 
v3 = i(6/2)Wa. 
The exact wave equation is 
h d ' . 
H-o — anon <) ice + Coe? vty, | = (). (3) 
2ri dt 


Corresponding to our knowledge that the spin is initially antiparallel, say, to 
the magnetic field, this equation is given the boundary conditions 


Ci\(— © ) 
| C2x(— &) | 


0 (4a) 
Re (4b) 


The answer to our problem, namely the fraction, P, of atoms which change 
their spatial quantization upon passing through the rotating field, will be 
given by 

P =|C,(~)|?. 


3 The observed change of quantization caused by impurities may be interpreted as caused 
by an exchange of electrons having opposite spins. 
‘W. Pauli, Zeits. f. Physik 43, 601 (1927). 
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Upon applying the relations (1) and (2) to the wave Eq. (3), we obtain® 


C,= et e 2a’, (5a) 
Ny . 6 oe; _ /- 
C.=1 oy erie, (5b) 


where Av = 2v. Elimination of C2 leads to the second order equation 


) 


‘“ ected 6\* 
C, + (2ridv — 6/6)C, + (=) C, = 0. (6) 
In order that the results of this analysis may be legitimately compared with 
an actual experiment, 6 and @ must be continuous functions of time. Our 
choice of 6 is limited, however, to such functions that render (6) reducible to 


a known type of differential equation. Such a function is 


6 = 2mvo sech at/7, (7) 


the plot of which is } of Fig. 1. The constants vo, 7 have been so chosen that 
the total change in @, 


x 
Aé@ = f 6dt = 2rvor, 
—o 
is that produced by a constant rotation of frequency v» and of duration r. 
This function, together with the transformation 
z= [tanh (at/r) + 1, 2], 


reduces (6) to the hypergeometric equation 


: 6 1 { dC, ss 
s(1 — s) ——+ {ce — (a+6+4 1)z} —— — abC, = 0 (8) 
d? dz 
where a= —b=A0/2m7 and c=}$+717rApv. As t goes from —®& to ©, g goes 


from 0 to 1. The general solution of (8) which is defined in this range is 
C, = AF(a, b, c, z) + Bs!-F(a+1—c,b+1—c¢c,2—<6¢,3). 


In order that the boundary condition (4a) be satisfied, we must set A = 0. 
Using Eq. (5a) we find that the boundary condition (4b) is satisfied when 


The desired transition probability is thus given by 


AO/2x : 
P=|— Fia+1-—c,b+1-—c¢c,2-—¢,1)| . 
c 





(9) 


Aé 
= sin? = sech? (rrAv). 


5 This direct method of obtaining this simultaneous set of equations was suggested to the 
authors by Professor H. P. Robertson. 
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3. Discussion 


We have found the fraction (9) of electrons which change their spatial 
quantization when subjected to a rotating magnetic field of the type (7). 
It is reasonable to expect that any experimentally realizable rotating mag- 
netic field of the same general type as (7), Fig. 1b, will lead to the same gen- 
eral results. 

The fraction, P, is zero whenever the total rotation is a multiple of 27. 
In the experiment of Phipps and Stern, where the total rotation was 27, no 
transition was observed. Even if their rotation had not been quite 27 the 
“sech” in (9) would probable have given a result with their apparatus too 
small to be observed. 

Another equally surprising result is, that if we multiply 6 by an arbitrarily 
large number, we do not change P, apart from the sine factor. 

The dependence of P upon the duration of the rotation r and upon the 
difference in energy of the two states, AE = 2hy, is of a type to be expected 
from previous studies on transitions.* The decrease of P with increasing 
values of the product tAv is much more marked than as found by Giittinger. 
A comparison is given in Fig. 2. 








0 rc L i rl i 
- 04 0.8 B. 1.6 2.0 
tayo 





Fig. 2. Transition probabilities. Curve a, P=1/[1+(rAv)?]; curve 6, P=sech® rrAv. 


II. RELATED COLLISION PHENOMENA 


The Born-Dirac collision method has been applied with success to numer- 
ous high velocity collision problems. No such general method has been found 
for collisions which involve low velocities. The best that can be hoped for at 
present is to have a variety of techniques each restricted to a limited class 
of collisions. Such special techniques are being rapidly developed. 

The most obvious procedure is to use the Born-Dirac method with modi- 
fications which reduce the perturbations by keeping the colliding systems 
apart. One method is to consider only grazing incidences.’ Another is to use 


® C. Zener, Phys. Rev. 38, 277 (1931). 
70. K. Rice, Proc. Nat. Acad. Sci. 17, 34 (1931). 
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as the initial solutions those corresponding to elastic collisions.’ Even then 
the perturbation method is not applicable if the eigenwert of the initial state 
is very close to an eigenwert of another state. 

Fortunately in this case a simplification is introduced by the legitimacy 
of considering only the two states which are in close resonance. The problem 
may then be reduced to the solution of two simultaneous equations of the 
second order in the coordinates of the centers of gravity of the two systems.® 
These can at present be handled only by a perturbation method starting 
from the adiabatic solutions. This is, however, exceedingly cumbersome. 

These complications may be avoided in those cases in which the differ- 
ence in energy between the two quantum states is small in comparison with 
the relative energy of translation. We are then justified in treating the posi- 
tions of the centers of gravity not as dynamical variables but as parameters 
dependent upon time. This is in the spirit of the pioneer work of Kallmann 
and London." The problem is then reduced to the solution of two simultane- 
ous equations of the first order. 

The initial wave equation is of the form 


hd), pa 
| Halo a V(t, x) = =. pCi(tje?* hhs(x) 


2ri dt 
+ Co(te2*iE! Yo(x)} = 0. (10) 
HT) is the unperturbed Hamiltonian for the internal coordinates x. V is the 
perturbation energy. Since the relative coordinates are here being regarded 
as definite functions of time, V is a function of ¢ and x. The wave functions 


V1, Yo satisfy 
(H, — E,)¥, = 0. 


The two simultaneous equations are obtained by multiplying (10) by y* 
and by y.* and integrating. 


Ci = ife?tianc, (11a) 
Co = ife?"C,, (11b) 


Here 


an y Pas * ° 
f) == J VV (t/x)va"ds 


and Av =(E,—£2)/h. We must specify that V be such that (n| 4 n) =0. 
The analysis of the preceding section has shown that this set of equations 
can be solved exactly if we give f the form 


f(t) = fo sech (xt/r). (12) 


8 C. Zener, Phys. Rev. 37, 556; 38, 277 (1931); P. M. Morse and E. Stueckelberg, Ann. d. 
Physik 9, 579 (1931). 

*°O. K. Rice, Phys. Rev. 37, 1187; 1551; 38, 1943 (1931); F. London, Zeits. f. Physik 74, 
143 (1932). 
10 H. Kallmann and F. London, Zeits. f. physik. Chem. 2B, 207 (1929). 
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In particular, we have seen that the solution which satisfies the boundary 


conditions 
C\(— ©) 


| Cx(— ©) | 
gives for the asymptotic value of the transition probability 


P =|C,(%)|* = sin? A sech? (rrAv), 


A= J fat. 


This may be written in the more general form 


sin A es 
— f f(Her*"'dt 


«2 


0 


where 


9 
- 
=> a 


(13) 








If we retain only the first term in the expansion of sin A, we obtain the P 
given by the perturbation method of setting C,=1 in (11a). This simple rela- 
tionship between the exact solution and that obtained by the perturbation 
method suggests that (13) is not confined to the particular f(t) given by (12), 
but is the general expression for all non-singular f’s, i.e., all functions which 
are continuous and whose first derivatives are continuous. This is borne out 
by the fact that for Av=0, it is found that for any f, P is given by sin? A. 
This generalization, applied to (9), says that the factor sin? (A@/2) is present 
for all experimentally obtainable 6’s. 
As an example, let 
LO = fo/( + 2°?/7’). 
Then (13) gives 
P = sin? (rfo)e~*74"! 
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The Absolute Values of the Mobility of Gaseous 
Ions in Pure Gases 


By Norris E. BRADBURY 
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(Received March 17, 1932) 


The absolute method of measuring the mobilities of gaseous ions developed by 
Tyndall and Grindley has been employed to study the ionic mobility in gases of high 
purity. The method was slightly altered to improve the resolving power. An intense 
source of high voltage x-rays previously used in recombination measurements provided 
an external source of ionization for the Pyrex glass mobility chamber. Under these con- 
ditions a high degree of gas purity could be maintained in the baked out chamber, 
and definite knowledge concerning the existence of a velocity spectrum could be 
obtained from the shape of experimental curves. Careful purification and drying by 
liquid air was employed for all gases. At time intervals of the order of 4107? seconds 
only a single class of each ion was found for the positive and negative ion in air. The 
mobility, 1.60cm sec. per volt, cm for the positiveion and 2.21cm. sec. per volt /cm for 
the negative ion is in agreement with other absolute values. Oxygen prepared from 
KCIO; gave an anomalous high mobility of 2.65 for the negative ion, due probably to 
the presence of chlorine oxides. Oxygen from KMnQ, and from a commercial tank 
source carefully purified gave the values 1.58 for the positive ion and 2.18 for the nega- 
tive ion. Nitrogen, as finally prepared by extreme purification of the commercial tank 
gas gave no negative ions and a positive ion of mobility 2.09. Hydrogen was found to 
give no negative ions and a predominating positive ion of mobility 8.2. Indications of a 
higher mobility ion at 13.1 were also found. This is in agreement with the results of 
Loeb on Na* ions in H2. Helium gave no negative ions and a positive ion of mobility 
17.0. This agrees with an approximate value observed by Tyndall and Powell for 
lower pressures and shorter ion ages. For pure gases and ion ages of the order of magni- 
tude of those employed in these experiments (0.04” to 0.07”) sharp peaks, indicative 
of a single class of ion, were always observed. 


INTRODUCTION 


INCE the initial experiments of Rutherford and J. J. Thomson! in 1896 

on the conductivity of air ionized by x-rays, the mobilities of the normal 
gaseous ions have been studied by many investigators. The results of these 
measurements, however, have by no means resulted in a series of accurate 
and absolute values of ionic mobilities for different gases. So great has been 
the discrepancy between different observers with different experimental pro- 
cedures that, lacking a standard of comparison or interpretation, it was neces- 
sary in the compilation of the International Critical Tables® to include all 
published values of even moderate reliability. In the case of hydrogen, which 
is typical, this has resulted in the listing of seven different values for the 
mobility of the positive ion ranging from 4.96 to 6.70. Similarly discordant 
values are to be found for the other common gases. Under such circum- 


1 Thomson and Rutherford, Phil. Mag. 42, 392 (1896). 
2 L. B. Loeb, Int. Crit. Tables, 6, 111 (1929). 
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stances, it is obviously impossible to compare theory with experiment, exact 
values for substitution and calculation in other theoretical equations are 
lacking, the values obtained by one method cannot be compared with those 
given by another under slightly different conditions, and the whole situation 
is incompatible with the facilities and means for investigation of modern re- 
search. It is for these reasons that the experiments to be described were car- 
ried out to obtain a series of accurate absolute values of ionic mobilities under 
conditions of high gaseous purity. 

A consideration of the experimental methods and techniques which have 
been employed in mobility measurements in the past shows that most of the 
causes of the discrepancies noted above may be classified under two headings. 
These are: (1) experimental idiosyncracies either uncontrollable or neglected ; 
(2) the degree of gas purity maintained. Although in any given experiment 
it may be difficult to assign either one or both of these conditions as having 
been operative, yet they form a valuable means of evaluating the reliability 
ofa prope sed method. 

Under (1) we have such phenomena as turbulence, which is usually un- 
avoidable in all air blast methods, interpenetration of fields in methods em- 
ploving gauzes, volumes of ionization vaguely defined and seriously affected 
by diffusion, and similar difficulties. In addition, conditions of low resolving 
power, abnormally high fields, contact potentials, and the like must be con- 
sidered and guarded against. 

Under (2) it is only necessary to mention the well-known effect of traces 
of water vapor on the mobility of the ion, and the work of Loeb’ on mixtures. 
The latter studies have shown that extremely minute traces of certain im- 
purities can exert a marked effect on the mobility of the ion, and that further- 
more such traces are frequently difficult to eliminate. The large volumes re- 
quired in blast methods make adequate purification of the gas under such 
circumstances impossible. Radioactive materials, when employed as means 
of ionization, have been sources of contamination in certain gases. Metal 
parts that cannot be carefully cleaned are constant sources of impurities 
due to films of oil and grease of high vapor pressure. Hard rubbers, shellacs, 
stopcock greases, etc. that can come in contact with the gas to be studied are 
almost invariably sufficient sources of contamination to affect seriously the 
values of the mobility obtained. 

Of the few absolute methods of mobility measurement that are relatively 
free from criticisms of the first type, the method of Tyndall and Grindley* 
is the only one adaptable to a large number of different gases and ions. As 
originally designed with a@ particle ionization, failing a better source, the 
method was not able to yield the beautiful results of which it was capable. 
The availability of the splendid high tension d.c. source of x-rays, built 
for studies on ionic recombination furnished the possibility of developing the 
Tyndall and Grindley method to the limit of its usefulness. With the power- 
ful constant external ionizing source it became possible to measure mobilities 


8 L. B. Loeb, Phys. Rev. 32, 81 (1928). 
* Tyndall and Grindley, Proc. Roy. Soc. A110, 341 (1926). 
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by an absolute method in a baked out glass chamber with a minimum of 
metal parts, and so to alter the method that the mobility curves were com- 
posed of linear elements with a sharp peak and therefore had perhaps the 
highest resolving power of any method yet used. In addition a slight change 
in the cycle of potentials applied to the measuring field was made to permit 
the measurement of positive ion velocities in gases in which free electrons 
existed. The same change permitted negative ions, if any, to be observed in 
supposedly free electron gases. Another minor variation in the method al- 
lowed a simplification of the theory, thus permitting a clearer interpretation 
of the experimental curves. The results obtained with this method quite 
transcended expectations and will constitute the contents of this paper. 


To £lectrometer 
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Fig. la. End view of ionization chamber showing sheath of ionization along the 
lower plate and equipotential vanes to maintain a uniform field. 
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APPARATUS 


The source of ionization was a homogeneous beam of intense, hard x-rays 
from a Coolidge tube under a potential of 80 k.v. pure d.c. An elaborate con- 
trol and filter system enabled the potential on the tube and the current 
drawn to be kept constant to within 0.3 percent. This equipment, previously 
used in recombination measurements, formed an invaluable source of con- 
stant ionization for these experiments. 

The ionization chamber was constructed of Pyrex glass as shown in Fig. 
1. The plates were 7X15 cm and 3.5 cm apart. The plates, as well as the 
equipotential guard rings mounted equally spaced between the plates, were 
kept in position and accurately parallel by a carefully made spacing block 
kept in place during the necessary glass blowing. When the plates were fixed 
in position, this spacer could be withdrawn and the remainder of the glass 
blowing completed. The alignment and parallelism of the plates was further 
checked by cathetometric measurements. All metal parts were of Monel 
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metal save the ground shield in the front part of the chamber through which 
the x-rays had to pass. This was of thin aluminum. The entire plate system 
was surrounded by a grounded Monel metal screen to protect the measuring 
fields from external electrostatic disturbances. The chamber was then 
mounted behind an adjustable lead slit through which the ionizing x-rays 
could pass in a thin sheath parallel to and grazing the lower plate. Connec- 
tions to the diffusion pump and gas purifying train were made as shown. 

The upper plate, on which the ions were collected, was kept at ground 
potential and connected to the electrometer. The lower plate was connected 
to ground through a 30,000 ohm resistance, at the upper end of which was 
applied the necessary potential to produce the required field between the 
plates. The equipotential guard rings were then connected 10,000 ohms 
above ground and 20,000 ohms above ground respectively. A sensibly uni- 
form field was thus maintained between the plates over a much larger area 
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Fig. 1. Diagram of apparatus. 


than otherwise. Since, however, the ions follow the lines of force, and only 
the ions which get across first (i.e., along the straightest lines or the most 
uniform field) are important in the measurements, these guard rings are of 
importance only in increasing the intensity of the observed currents. 

A lead shielded brass disk, in which two variable sector openings had been 
cut, was mounted in the path of the x-ray beam so that its rotation per- 
mitted a flash of x-rays to pass through at each revolution. Affixed to this 
disk was a commutator with suitable segments and brush system for apply- 
ing the potential cycle to the plates of the ionization chamber. The position 
of this commutator with respect to the x-ray flash could be varied. This 
cummutator and disk assembly were driven by a large, variable speed d.c. 
motor through reduction gears. The constancy and absolute value of this 
speed was determined by voltage readings from an accurate magneto tacho- 
meter directly connected to the motor. The entire arrangement is similar to 
that employed in aging experiments on ions in air, and is shown in Fig. 1. 
The potential cycle applied to the plates at each revolution is shown in Fig. 
2. The dotted lines represent an addition to the cycle employed when it was 
desired to measure positive ions in gases in which electron attachment does 
not occur over appreciable periods of time. 
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THEORY OF THE METHOD 


The theory of the method has been given by Tyndall and Grindley. Inas- 
much as the present experiments following a different and somewhat simpler 
procedure, the theory will be given as it here applies. 

An individual cycle takes place as follows. A flash of x-rays in a thin 
sheath parallel to the lower plate occurs at the point marked y7 in Fig. 2 
with respect to the potential cycle. At this time the space between the plates 
is field free and ions accumulate in uniform layer above the lower plate. Let 
us suppose we are measuring positive ions. The flash of x-rays is followed 
by the application to the lower plate of a negative potential V, which drags 
the positive ions downwards for a time 67, where 7 is the time of a revolution 
and 6 a fraction. Necessarily the lower part, or even all, of the sheath may be 
caught by the lower plate during this phase. Those ions which are not caught 
at the conclusion of this phase are then drawn across the space, by an ad- 
vancing potential V,, towards the upper plate for a time a7 which, if suffi- 
ciently long, will permit all the ions not caught at the end of yT to be received 
at the upper plate and noted as a current to the electrometer. If V, is not 








———— 
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Fig. 2. Cycle of potentials applied to the lower plate. Ions are formed during y7, drawn 
towards the lower plate during 67, and drawn across the volume to the upper plate during a7, 
Volume cleared of all ions not caught during ST. Free electrons, if present, are swept out by the 
small potential shown in dotted lines. 




















great enough, or a7 too short, those ions which are not caught at this time 
are swept out of the field by V, acting during 87. The space between the 
plates is now free of ions (the negative ions having been swept out to the 
lower plate during a7’) and the cycle may be repeated. 

In practice V, is set at a definite value and V, at a somewhat higher 
value. The speed of revolution, which directly determines the time of applica- 
tion of aT, 8T and y7, is then varied and the relative current received at the 
electrometer at different frequencies noted. We can now consider the varia- 
tion of the electrometer current with frequency as it is related to the mo- 
bility of the ions, the time of application and magnitude of V,, and the dis- 
tance between the plates. 

Suppose the x-ray beam forms Q ions per cc per second in the sheath 
above the lower plate. Then during the time of application of the x-rays, 
yT, at A there will be formed Qy7Ad ions in the sheath if A is its area and 
d its thickness. The sheath is then acted on by V, for a time 67. If the mo- 
bility of the ions is k, the sheath will then move downwards a distance kV,6T 
and only (d—kV,6T)QyTAd ions remain above the plate. V. now acts for 
a time a7. If V, is great enough or a7 long enough all these ions will be 
caught at the upper plate and the quantity received at the electrometer per 
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cycle will be that amount. Over a series of cycles this corresponds to a cur- 
rent of (d—kV,67) QyAd. 

Suppose, however, we increase the frequency so that a7 is no longer 
sufficiently long to permit all the ions to reach the upper plate. A certain 
fraction of the ions remaining after 67 will also escape capture at the upper 
plate and will subsequently be swept from the field. It is easily shown that the 
amount now received at the electrometer in terms of current is 


(d — kV,6T — D+ kV,aT)QyAd 


where D is the distance between the plates. We may now consider the varia- 
tion of these two expressions with 7, the period of one revolution. When 


T = (D — d)/(kV.a — kV,6) 


the current will be zero and will remain so for all shorter 7's. As 7 increases 
di/dT is given by QyAd(kV.a—kV,6) which is positive since a/5>V,/Va. 
When D=kV.aT, the second expression reduces to the first for which thedi/dT 
is seen to be QyAd(—kV,6). This is negative and hence the current decreases 
with increasing period. Obviously, there is a point of discontinuity, whose 
evidence is a maximum in the electrometer current-frequency curve at 


D = kV aT. 


Hence if we measure the electrometer current for different periods or fre- 
quencies of the commutator, we will find a linear increase in 7 with increasing 
T (decreasing N where N is the frequency) until the point 


D = kV .aT 


is reached. At this point there will be a linear decrease in current until the 
point d=kV,6T is reached beyond which the current will be zero. Since we 
can measure D, V,, a, and T (at the maximum) we can easily calculate k 
from the above equation, and this will form our method of procedure. 

In the case of gases in which free electrons exist, a change in the cycle had 
to be made shown by the dotted lines in Fig. 2. Otherwise, during the time 
of application 67 of the retarding phase for positive ions, the free electrons, 
having an approximate mobility of 10,000 cm per sec., would be entirely 
swept across the field to the upper plate and completely mask the following 
positive current. Hence it was necessary to insert a small positive potential 
(2-20 volts) before the application of 67°. This is sufficient to sweep the elec- 
trons entirely from the field to the lower plate, causing a negligible change in 
the effective d of the positive ion sheath. 

It is interesting to notice that k so determined is independent of V, and 
d-two variables whose effects it is extremely desirable to eliminate. Moreover 
it can easily be shown that the same results are obtained if the beam does not 
exactly graze the plate but passes a short distance above it. This theory 
shows, then, that the mobility can be calculated from easily measured 
variables and it is independent of those factors whose value would be diff- 
cult to determine. Moreover, it predicts a definite type of curve for a single 
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mobility and hence enables easy comparison with experiment. It may be men- 
tioned here that the independence of the position of the peak with respect 
to V, and d was amply verified by experiment. The resolving power of the 
method can be increased at will by making d as small as is compatible with 
the intensity of ionization and the sensitivity of the detecting system. 


PURIFICATION OF THE GASES USED 


The chamber was surrounded by a wire-wound resistance furnace enabling 
the chamber and metal parts to be baked out under a vacuum at a tempera- 
ture of 350°C. The dimensions of the metal parts precluded their being made 
so as to permit outgassing with an induction furnace. By prolonged baking 
out, however, it was felt that most of the adsorbed gases on the surfaces were 
removed. A liquid air trap was mounted between the chamber and the re- 
mainder of the pumping and purifying system to prevent any possible dif- 
fusion of stopcock grease vapors into the chamber when filled with pure gas. 
This trap was kept at liquid air temperatures during the filling of the cham- 
ber and the course of a run. [t was, of course, removed when baking out was in 
process. Under such conditions the chamber could be pumped out to better 
than 10-*mm. 

The method of purification of the gases used varied with the different 
gases. Liquid air was always used for drying where possible. Oxygen, which 
condenses at atmospheric pressure and liquid air temperatures, was dried 
by a freezing alcohol bath. Two or more such drying traps were always em- 
ployed, in addition to the trap on the chamber itself. Even under such con- 
ditions, it was found necessary to pass the gas through the purifying train 
extremely slowly. 

Air, upon which the first measurements were made, was purified by 
passing it through the usual purifying train consisting of NaOH, CaCle, and 
P.O; followed by liquid air traps. A later series of experiments was made in 
which the air was purified only by passing very slowly through three liquid 
air traps in series. Apparently both methods were equally satisfactory. 

Oxygen was first prepared by heating KCIO;, condensing the oxygen in 
a liquid air trap, and subsequently distilling through the purifying train into 
the chamber. In another preparation the same procedure was followed save 
that KMnQ, was substituted for the KCIO;. Finally, tank oxygen was con- 
densed by liquid air and fractionated using the middle third for filling the 
chamber. The latter two methods were apparently the more satisfactory, 
though extreme care had been taken to purify the KCIQO; by recrystallization 
and to keep out organic matter. 

Nitrogen was obtained from a commercial tank. Preliminary results ob- 
tained by passing it through the usual purifying train plus a small heated 
tube filled with copper shot and powder showed the presence of a large num- 
ber of negative ions. The value for the mobility of the positive ion was, how- 
ever, higher than expected. The preparation of nitrogen was then carried out 
by the decomposition of sodium azide, which, after passing through liquid 
air traps, was led directly into the chamber. This had the gratifying result of 
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giving only free electrons but evidences of some impurity (probably organic 
ammonia like compounds due to the method of preparation of the azide) 
were still present in a lower (though normal) positive ion mobility. Drastic 
purification of tank nitrogen was then attempted. A Pyrex tube one meter 
in length was filled with glass wool and precipitated copper powder which 
was thoroughly reduced by passing hydrogen through the heated tube. In 
addition, a tube containing metallic sodium, vaporized under vacuum, was 
placed in the purifying line. Liquid air traps before and after the copper 
tube and after the metallic sodium completed the purifying train. Under these 
circumstances nitrogen was obtained which gave no negative ions and every 
evidence of extreme purity. 

Hydrogen was obtained from a commercial tank of considerable purity 
and passed through the usual purifying train plus a heated copper tube. With 
the usual liquid air drying, this hydrogen appeared to be of highly satisfac- 
tory purity. 

Helium was first obtained from a small cylinder donated several years 
before by the U. S. Navy. Purification by the ordinary train gave a product 
of very doubtful purity, which was probably due to the condition of the 
gas employed. Another tank of the gas, stated to be of 95 percent purity, was 
then obtained and a specially designed purifying train constructed. Heated 
tubes containing precipitated copper and powdered copper oxide were put in 
to remove hydrogen and oxygen. In addition, the helium was sparked be- 
tween magnesium electrodes to remove nitrogen and passed over heated 
metallic sodium. The gas, after this treatment plus absorption in two charcoal 
traps in liquid air, gave results indicative of high purity. Spectroscopic exam- 
ination of both the hydrogen and helium showed nothing but the ordinary 
line spectrum. 

Before filling with any gas, the chamber and purifying train were pumped 
out to high vacuum and the chamber was baked out. The train was then shut 
off from the chamber, slowly filled with gas, quickly pumped out, and slowly 
filled with gas again. The chamber itself was then flushed out with the puri- 
fied gas, and finally filled to atmospheric pressure. Approximately two hours 
was required for the purification of the two liters of gas required to fill the 
chamber. 


RESULTS 


It was noted under the theory that the theoretical shape of the commuta- 
tor frequency-electrometer current should be that of two straight lines inter- 
secting in a maximum value or peak at a value of T such that 


D = kV .aT. 


This was deduced for ions supposedly of a single unique mobility. It has 
previously been shown that if there is a uniform distribution or spread of 
mobilities about some average value, the top of this peak will be rounded off 
or flattened. Naturally, it is impossible to obtain an absolutely sharp maxi- 
mum with such factors as diffusion and self-repulsion, and finite separation of 
observed points, yet in pure gases with a single type of ions where the ioniza- 
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tion intensity was sufficient to permit adjustment for high resolving power, 
very satisfactory sharp peaks could be obtained. Occasionally when it was 
necessary to widen the slit to too great an extent in order to secure measur- 
able electrometer currents, the sides of the peak would drop off to zero too 
rapidly owing to ions of the opposite sign coming across during 67°, or which 
were not entirely removed during a7. This resulted in an outward “bow” 
in the curves. Such curvature, however, was never found to influence the 
position of the peak, and only rendered the observed curves a little more 
difficult to interpret. None of the results to be reported were obtained under 
these conditions. 

The observed values of mobility in the different gases are given below. 
All values have been reduced to 760 mm. The temperature of these measure- 
ments was 22°C. 

Air. Typical curves for the positive and negative ions in air are shown in 
Fig. 3. These ions were observed at an age of 0.07 seconds and it is clear that 
they show a unique velocity. In general the negative curves are sharper than 
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Fig. 3. Experimental curves for air and for oxygen prepared from KCIO;. The 
arrows indicate the position of the peak for calculation. 


the positive. This is probably due to an incipient aging effect in the case of 
positive ions, enhanced by the products of ionization formed by the intense 
x-rays. The average of all values obtained for the positive ion was 1.60 cm/sec. 
per volt/cm and for the negative ion 2.21 cm/sec. per volt /cm. These values 
are in exact agreement with those obtained for “new” ions in the aging experi- 
ments previously reported and are also in good agreement with the values ob- 
tained by Loeb with photoelectric ions, and by Tyndall and Grindley with 
radioactive ionization. Apparently the complex chemical reaction products 
formed by the x-rays in a mixed gas such as air are sufficient to cause the 
lowered mobility in spite of the elaborate precautions taken to insure purity. 
These values in air are practically the same as those found with much more 
casual methods of purification. The value obtained by Loeb’ of 2.16 was in air 
of somewhat questionable purity as was the 2.18 value of Tyndall and 
Grindley. Schilling® has worked in very pure air, but used a gauze method 
which gave results dependent on the auxiliary field strength.” Luhr and Brad- 


5 L. B. Loeb, Journ. Frank. Inst. 196, 537 (1923). 
® H. Schilling, Ann. d. Physik 83, 23 (1927). 
7 Cf. footnote, Int. Crit. Tables 6, 112 (1929). 
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bury*’ with a Langevin method obtained values in agreement with those re- 
ported here. Zeleny® has made recent accurate studies on ions of different ages 
in dry and moist air in an apparatus which was not outgassed using an air 
blast method. His results were thus obtained under conditions which make 
comparison difficult. In view of the agreement of the values here obtained 
with the other recent values given by the absolute methods cited, one must 
accept as the standard values for air the values of 1.60 and 2.21 cm/sec. per volt/cm 
for the positive and negative tons respectively. These are in place of the pre- 
viously accepted values of 1.36 and 1.87 obtained in 1901.!° 

Oxygen. Oxygen was first prepared, as described, by the decomposition of 
KCIO;. Under these circumstances rather remarkable values were obtained. 
The negative ion showed an initial high mobility—reaching values of 2.65— 
which subsequently decreased to 2.47 as the gas was allowed to remain in the 
chamber. The positive ion showed a similarly high mobility which decreased 
with the age of the gas from 1.71 to values approximating 1.6 with more than 
one type of ion present. The curves in this case are shown in Fig. 3, for the 
negative ion, and Fig. 4, for the positive ion. Frozen alcohol was maintained 
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Fig. 4. Experimental curves for oxygen and an initial curve on impure nitrogen. 


on the trap during the time the gas was in the chamber. The shift of the maxi- 
mum indicates either the appearance or disappearance of some impurity. The 
possibility of the decomposition of the KCIO; resulting in traces of chlorine 
oxides were any traces of foreign matter present in the salt makes the latter 
case seem the more probable. This method was used as it had been recom- 
mended as that method giving the purest O2 for molecular weight determina- 
tions. It is seen that the ions are sensitive to impurities which do not affect 
the most accurate chemical technique. The preparation of oxygen from 
KX MnQ, was therefore carried out, in spite of the fact that Baker’s C.P. 
chemical contained, by their analysis, 0.004 percent Cl and ClO;. These were 
evidently in the form of salts which did not decompose at the low tempera- 
tures required by KMnQ,. In this case the average of the runs taken gave 
2.19 for the negative mobility and 1.58 for the positive ion. These values did 
not change as the gas remained in the chamber over 24 hours, and seem much 


5 Luhr and Bradbury, Phys. Rev. 36, 1394 (1930). 
* J. Zeleny, Phys. Rev. 34, 310 (1929); 36, 35 (1930); 38, 969 (1931). 
10 J. Zeleny, Phil. Mag. 195, 193 (1901). 
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more understandable than those obtained from KCIO; oxygen when com- 
pared with the values obtained in air. 

Finally, in spite of the practical impossibility of removing all the Ne in 
the purification of liquid oxygen by fractionation, this means of preparation 
was attempted. The values obtained in this case were the same as those given 
by the KMnQ, prepared gas, and lend weight to the assumption as to its 
purity. Typical curves obtained are shown in Fig. 4. The absolute values for 
the mobility of the positive and negative ion in pure oxygen at atmospheric 
pressure may then be taken to be 1.58 and 2.19 cm/sec. per volt cm respec- 
tively. The only values that exist in the literature are those of Zeleny'' 
(1.36 and 1.80 which may be compared with his values for air), and those of 
Franck" using his gauze modification of the Rutherford method. He obtained 
1.29 and 1.79 but the gauze method makes comparison in this case futile. 

Nitrogen. The first runs were made on nitrogen taken from an ordinary 
commercial tank and gave a positive ion of 1.82 and a rather sharp curve as 
shown in Fig. 4. This value was somewhat higher than that to be expected 
from the air and oxygen measurements, and it was rather surprising to find 
that there was only about 30 percent free electrons. These results are in agree- 
ment with those noted by Luhr® in recombination measurements whose 
nitrogen was purified in much the same manner. Luhr, believing his Nz pure, 
ascribed his negative ions to possible attachment of electrons to atoms or 
molecules activated by the x-rays. These results and those to follow show in 
reality that the Ne was impure and that the Cu was apparently not removing 
all the oxygen. Similar conditions apply to Luhr’s work in argon and probably 
explain the results of Mario da Silva“ who believed that attachment might 
take place between electrons and activated atoms of N and molecules of Noe. 
Since the attachment experiments of Cravath had shown that under ordinary 
conditions electron attachment should not take place in pure nitrogen, the 
existence of negative ions of a mobility 2.21 gave definite evidence that some 
impurity was present which could attach electrons. In consequence, the 
preparation of nitrogen from sodium azide was carried out. In this gas a 
mobility of 1.62 for the positive ion was obtained with the curve shown in 
Fig. 5a. No negative ions could be detected, the free electrons being removed 
by the application of the small auxiliary phase mentioned above. 

Although the value obtained for the mobility of the positive ion in the 
case of the azide nitrogen seemed plausible, yet the higher value obtained in 
tank nitrogen and the suspected contamination of the azide by organic com- 
pounds, led to the feeling that still higher values might be obtained were 
purification methods more strenuous. The tank nitrogen was consequently 
purified as previously described with very satisfactory results. No negative 
ions could be detected in the gas even after standing four days in the chamber. 
Furthermore a mobility of the positive ion of 2.09 was found and initial 
curves showed an asymmetry on the high mobility side which may be com- 


1 Franck, Zeits. f. Physik 12, 291 (1910). 
2? OQ. Luhr, Phys. Rev. 36, 24 (1930). 
18M. A. da Silva, Ann. d. Physik 12, 100 (1929), 











ABSOLUTE VALUES OF MOBILITIES 519 


pared with the high values found by Loeb™ for the Na ion in short time inter- 
vals in nitrogen. Fig. 5b shows the type of curve obtained and Fig. 5c that 
obtained after the gas had been in the chamber 36 hours, though no negative 
ions were detected even after three days. 

The mobilities of ions in nitrogen have been measured by Franck" and by 
Yen,'* who also used the Franck method. Their results agreed within their 
limits of error giving a positive mobility of about 1.3 and a negative mobility 
of 1.8. The impurity of the gases used and the unknown effect of the gauzes 
make comparison futile. Tyndall and Powell,'’ however, have measured the 
mobility of the positive ion in nitrogen (in which they found no negative 
ions) at low pressures and short time intervals. They could not determine 
absolute values but found a mobility for the positive ion of about 2.1 with 
indications of a subsidiary peak at 1.6. These investigations confirm the 
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existence of this high mobility, however, at greater ion ages and atmospheric 
pressures. Loeb has measured the mobility of Na* ions in nitrogen and found 
an initial mobility of 3.75 at ages less than 5 X10-* seconds. Following this 
there is a moderately abrupt decrease to a mobility of about 3.0 and a sub- 
sequent decrease to the value 1.6 at ages of 0.01 second. The uncertain tem- 
perature correction in the experiments make his absolute values somewhat 
doubtful, but the appearance of the hump on the high mobility side of Fig. 5 
at 2.37 is an interesting confirmation of his results. Several attempts were 
made to detect a higher mobility than 2.09, but were unsuccessful. Hence it 
may be said that the mobility of the more stable positive ion in pure nitrogen 
at atmospheric pressure measured within 10~* seconds is 2.09 cm/sec. per 
volt/cm. No negative ion exists in pure nitrogen, the carriers being free elec- 
trons. It is to be noted that the 2.09 cm/sec. positive ion in nitrogen may be 
the unaged positive ion of mobility approximately equal to that of the nega- 
tive ion observed by Erikson'* and by Mahoney’ in impure gases in the 
aging experiments. 

“4 L. B. Loeb, Phys. Rev. 38, 549 (1931). 

’ Franck, Zeits. f. Physik 12, 613 (1910). 

® K.L. Yen, Proc. Nat. Acad. Sci. 4, 91 (1918). 

‘7 Tyndall and Powell, Proc. Roy. Soc. A129, 162 (1930). 

'S H. A. Erikson, Phys. Rev. 30, 339 (1927). 

19 J. J. Mahoney, Phys. Rev. 33, 217 (1929). 
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Il ydrogen. The results obtained in pure hydrogen gave a curve of the shape 
shown in Fig. 6 for the positive ion. The peak mobility is at 8.2 and there is 
definite indication of a subsidiary peak at a mobility of 13.1. No negative 
ions could be detected in the gas under these conditions. Loeb has measured 
the mobility of Na* ions in H2 asa function of their age“ and found a mobility 
of 8.4 at ages greater than 10°? seconds. He found, however, that the initial 
value of 17.5 at ages less than 10°* seconds dropped sharply to a value of 
about 13.5 at 10-4 seconds. As mentioned above, the heating correction is 
somewhat doubtful, and his resultant values may not be exact. The values 
obtained by the method of this experiment, however, confirm the results, and 
furnish more accurate absolute values. The existence of the high mobility ion 
at 13.1 is gratifying evidence as to the purity of the gas. The detection of the 
17.5 ion is beyond the limits of the experiment with the ion ages necessarily 
employed. 

Since the values of the mobility for the hydrogen positive ion have gener- 
ally been reported between 4.96 and 6.70, measurements were made on 
hydrogen that had been purified by merely passing through liquid air. In this 
case a curve was obtained with a mobility at 6.8. 

Zeleny in his original measurements obtained a value of 6.70 for the 
mobility of the positive ion. If this is multiplied by 1.21, which is the approxi- 
mate error in his standard values for air, we obtain a value of 8.1 which is in 
fair agreement with the results mentioned above. His hydrogen, however, 
maintained negative ions, and it is doubtful if the purity was sufficient for him 
to have observed this high value. Loeb and DuSault*® have obtained 6.5 by 
the Franck method in a gas sufficiently pure so that free electrons were ob- 
served. 

The negative ion mobility was measured as a matter of interest in mixture 
experiments for impure hydrogen. The value obtained in this case, 9.6, is in 
agreement with that obtained by Loeb and DuSault and by Wellisch.*! The 
values for the positive ion obtained by the latter, however, are much too low. 
Whether this was due to field distortion or to impurities cannot be said. 

In the light of these experiments and those of Loeb on Na* ions the mo- 
bility of the most stable positive ion in hydrogen under normal times of 10~° 
seconds can be said to be 8.2 cm/sec. per volt/cm. In pure hydrogen, no nega- 
tive ions are found. 

Helium. The first experiments on what was evidently relatively impure 
helium gave the curve shown in Fig. 7 which after 24 hours in the chamber 
changed to one with a high mobility peak at 14.1. The main peak at 7.2 corre- 
sponds roughly to the value of 5.09 observed by Franck” when corrected to 
the new standard scale, and the 17.3 and 14.1 values are in rough agreement 
with results of Tyndall and Powell!” who found the transient existence of an 
ion of mobility 17. They also found that, after their gas, which was of con- 
siderable purity contained in a glass chamber, had been in the apparatus for 


20 Loeb and duSault, Proc. Nat. Acad. Sci. 14, 192 (1928). 
21 E. M. Wellisch, Am. Journ. Sci. 44, 1 (1917.) 
2 Franck, Jahrbuch der Rad. und Elek. 9, 235 (1912). 
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several days, that their curves indicated the appearance of an ion of mobility 
approximately 7. 

These results indicated that the helium was of insufficient purity, and 
accordingly its further purification as previously described was carried out. 
The results in this case gave the curve shown in Fig. 8—with a single mobility 
at 17.0. This value remained unchanged after the gas had been in the chamber 
three days. The curve lacks symmetry because of the exceptional width of the 
slit which was necessary with the very feeble ionization in helium. Great 
difficulty was experienced in obtaining measurable currents with even the 
highest intensity of x-rays that it was feasible to employ, without rebuilding 
the electrometer system for measuring currents. 

Tyndall and Powell*® have since detected an ion in helium at low pressures 
and ages of 10-5 seconds of mobility 21. No such ion could be found in these 
experiments where the ion ages are of the order of magnitude of 0.04 seconds 
and are measured at atmospheric pressures. 
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Figs. 7 and 8. Experimental curves for positive ions in impure and pure helium. 


DISCUSSION AND CONCLUSION 


In the setting up of the theory for the experiment it was tacitly assumed 
that the amount of ionization was proportional to 7. This is the case provided 
we are sufficiently far removed from the steady state between ion production 
and recombination. Although this seemed certain to be the case, it was veri- 
fied by taking electrometer currents for different frequencies with the commu- 
tator so arranged as to collect all the ions of one sign formed. No change 
in the electrometer current with frequency could be observed. The lack of 
dependence of the position of the peak on slit widths and V, was verified by 
taking runs on the same sample of gas at varying values of each. The x-ray 
beam was necessarily slightly divergent, but since the position of the peak is 
independent of d, this is of no importance. Diffusion of the ions during times 
of the order of magnitude of these measurements is negligible. The time 
constant of the chamber and electrometer system and high resistance to 
ground was of the order of magnitude of 10-5 seconds and entirely negligible. 
The plates of the chamber were parallel and of known distance apart to 1 


*8 Tyndall and Powell, Proc. Roy. Soc. A134, 125 (1931). 


a 


centre 


- er ery 


hers 


we = 


ae Ae Dbl” OE AE - mows 


* om AO gs ee 


tence 








NORRIS E. BRADBURY 


percent. The commutator speed could be read and kept constant to approxi- 
mately 2 percent. It was checked from time to time with a revolution counter 
and stopwatch. The advancing voltage was measured on an instrument cali- 
brated against the laboratory standard. It is believed that the mobilities meas- 
ured in this manner are accurate to 3 percent. 

In spite of the chemical purity which has been maintained in these experi- 
ments, it is extremely doubtful if any of the measurements are those for a 
monomolecular ion moving in its own gas and the significance of the values 
obtained as indicating any real characteristics of the gas other than its in- 
herent common impurities may be questioned. The experiments of Loeb have 
shown that the attachment by the ion of some foreign molecule takes place 
with extreme rapidity. Even when the gas purity is high, the times of meas- 
urement required in these experiments are sufficient to allow many impacts of 
ions and impurity molecules with an estimated purity of as high as 1 part in 
10°. The measurements in the case of hydrogen, which though presenting 
experimental difficulties because of the low ionization, is relatively easy to 
prepare with high purity, show the probable limits of this method of attack. 
In this case the predominating ion is one which has probably attached one or 
two fairly bulky molecules of impurity during the course of the measurements, 
but sufficient ions which have possibly formed monomolecular attachments 
(probably to water molecules) are present in detectable quantities. In the 
case of nitrogen and helium, the high values obtained show that at least some 
impurity which has been present in the earlier experiments has been success- 
fully eliminated. What impurities remain, and what their amounts are it 
is impossible to say as their limits are below those of either chemical or spec- 
troscopic detection. This is, of course, unfortunate, as it leaves one still un- 
certain as to the exact character of the particular ion—that is to say, its size— 
at these time intervals. It is therefore impossible to make adequate compari- 
son with theory. The value of the mobility of the positive ion in helium alone 
begins to approach that demanded by the complete Langevin equation, 
and, as indicated by the recent experiments of Tyndall and Powell, may not 
even then represent a true He* in helium. It is therefore necessary to assert 


TABLE I. Values of the absolute mobility of normal gaseous ions. 

















Gas Source Purity k k 
Air - p 2.2%* 1.59* 
Oxygen KCIO; i (?) 2.65 bas 
Oxygen KMnO, p Fy 1.58* 
Oxygen Tank p 2.18 1.58 
Nitrogen NaN 1 1.60 e 
Nitrogen Tank i 1.81 2.21 
Nitrogen Tank p 2 .09* e 

\2.37 
Hydrogen Tank p f 8.2* e 
\13.1 
Hydrogen Tank i 6.7 9.6 
Helium Tank i f 7.1 e 
\14.0 
Helium Tank p 17 .0* e 








* Values for the more stable ion. 
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that while values such as found in these experiments serve to give useful ab- 
solute standard values for mobilities in pure gases as usually prepared, they 
are of little theoretical significance. They will, however, serve in all calcula- 
tions requiring a knowledge of the mobility under ordinary conditions. 

The results detailed above may be presented in a condensed form in 
Table I which gives the absolute values of the mobility of the normal gaseous 
ions in the gas in question. The method of purification and probable purity is 
also indicated. The starred values are those for the more stable ion to be found 
in the gas. 

In conclusion it is desired to thank Professor L. B. Loeb, under whose 
direction the experiments were carried out, for his continual interest and 
invaluable suggestions concerning all phases of the work. 
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Gases to which a trace of NH; has been added have been known to show an ab- 
normally high value for the mobility of the positive ion. In the experiments reported 
here, the method of Tyndall and Grindley for measuring ionic mobilities under condi- 
tions of high gas purity and resolving power has been employed to determine the ion 
spectra in the case of H2-NH; and N2-NHs; mixtures. In the former case when the 
partial pressure of NH; was reduced to 0.15 mm, a positive ion of mobility 9.4, which 
is substantially equal to that of the negative ion in impure Hoe, was observed. In the 
case of the N.-NH; mixtures, a positive ion of mobility 1.83 was observed in addition 
to the normal positive ion in the pure gas of mobility equal to 2.09. No negative ions 
were observable. The aging experiments reported previously (Phys. Rev. 37, 1311 
(1931)) have been continued under conditions of high gas purity using the Tyndall and 
Grindley method. No aging was observed in pure N; at ion ages as great as 0.5 seconds. 
Air, however, where chemical reaction products could be formed by the x-ray ioniza- 
tion source, showed similar aging effects to those reported previously. 


A. MIXTURE EXPERIMENTS 


INCE the mobility measurements on pure gases reported in another 

paper had resulted almost uniformly in only a single class of ion at ages of 
4X 10-* seconds, it was of interest to investigate the nature of the mobility 
curves of certain gaseous mixtures which had been observed to indicate speci- 
fic molecular attachments to ions. The Tyndall and Grindley method, as it 
has been employed in these and the pure gas experiments with x-ray ioniza- 
tion, and high gas purity and resolving power, gives an admirable method of 
testing for the simultaneous appearance of several ions. The shape of the 
curves, normally having straight sides and a sharp apex, permits more than a 
single class of ions to be readily observable. The same apparatus and methods 
of measurement as used in the experiments in pure gases have been employed 
here, and the same discussion applies. The two mixtures studied were hydro- 
gen and ammonia, and nitrogen and ammonia. Previously Loeb! observed an 
abnormally high value for the positive ion when traces of NH; were present 
in air. 

The nitrogen and hydrogen were prepared as described in the preceding 
paper. The ammonia was formed by the interaction of C.P. (NH4)sSO,4 and a 
concentrated solution of NaOH. The gas so formed was passed through a trap 
cooled to —35°, through a long tube filled with broken sticks of KOH, and 
condensed in a trap surrounded by liquid air. The ammonia was distilled off 
by removing the liquid air, and was then refrozen in another trap. Subsequent 
fractional distillation yielded NH; relatively free from water vapor. 


11. B. Loeb, Proc. Nat. Acad. Sci. 12, 677 (1926). 
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The resulting curves for the nitrogen-ammonia mixtures are shown in Fig. 
1. Curve A shows the sharp peak for pure nitrogen with a maximum corre- 
sponding to a mobility of 2.09. Addition of 1 mm partial pressure of NH; 
gave curve D with a very broadened peak indicating two or more mobilities. 
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Fig. 1. Curves for mixtures of nitrogen and ammonia showing the deviation from 
the type of curve obtained with the pure gas. 


Reduction of the ammonia to 0.1 mm gave the curve shown in C in which the 
appearance of the 2.09 peak is indicated on the high mobility side of the 
curve. Further reduction of the ammonia present to 0.01 mm gave the curve 
shown in B which is intermediate between A and C. Evidently in the case of 
nitrogen-ammonia mixtures an ion of mobility 1.85 exists in addition to the 
normal mobility of 2.10. This is in agreement with the results of Loeb who 
found an anomalous high mobility for the positive ion of 1.8 in the case of 
ammonia-air mixtures. The action of ammonia was found by him to be speci- 
fic for the positive ion. Since in these measurements no negative ions could 
be detected, this effect could not be verified. It was, however, definitely 
verified in the case of impure hydrogen. 
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Fig. 2. Hydrogen and ammonia mixtures showing the increase in mobility of the 
positive ion as the percentage of ammonia is decreased. 


The hydrogen-ammonia mixtures gave curves of the type shown in Fig. 
2. The curve A corresponds to a partial pressure of 1.5 mm NH; and a mo- 
bility of 8.23. Curve B is that obtained for 0.15 mm NH; and corresponds toa 
mobility of 9.4. Its appearance is perhaps predicted by the slight asymmetry 
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in curve A on the high mobility side. A preliminary series of runs in which the 
purification of the ammonia was not entirely satisfactory gave the 8.3 value 
and indications of a hump at the usual 6.7 value. 

The results were then repeated in impure hydrogen in which negative ions 
were present. The hydrogen in this case was dried merely by passing over 
liquid air. In these experiments a mobility of 9.6 was obtained for the nega- 
tive ion and curves very similar to those in Fig. 2, for the positive ion with a 
final high mobility of 9.4. This is seen to be practically equal to that for the 
negative ion. Such a result is not, however, surprising in the light of Erikson’s? 
and Mahoney’s’ experiments, who found a mobility of the positive ion in air- 
ammonia mixtures equal to that of the negative. No change in the mobility 
of the negative ion could be detected which confirms Loeb’s results on the 
specificity of the effect of the ammonia on the positive ion. He found 7.88 for 
the positive ion where traces of ammonia were present and 9.36 for the nega- 
tive ion. 
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Fig. 3. Aging experiments in nitrogen. No noticeable change in the shape of the 
curves or a shift of the position of the maximum is present. 


It can thus be said from these experiments that the mobility of the posi- 
tive ion in pure hydrogen has a value of 8.2; that the addition of traces of 
ammonia raises this value to 9.4; and that this value is substantially equal 
to that for the negative ion in the case of impure hydrogen. 


AGING EXPERIMENTS 


Aging experiments have previously been reported on air in a metal cham- 
ber.‘ In these experiments it was found that with ion ages greater than a tenth 
of a second the average mobility appeared to decrease and become spread out 
over a wide range as if the ions had attached a wide variety of impurities or 
reaction products of the x-rays. The existence of the glass chamber used 
in the above measurements made it possible to test these effects under condi- 
tions of greater gas purity. Two series of runs were carried out—one on posi- 
tive ions in pure nitrogen and the other on positive and negative ions in air. 
The results in the case of nitrogen are shown in Fig. 3. In this case, with a gas 


2 H. A. Erikson, Phys. Rev. 30, 339 (1927). 
3 J. J. Mahoney, Phys. Rev. 33, 317 (1929). 
4 N.E. Bradbury, Phys. Rev. 37, 1311 (1931). 
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of high purity, and no chance of reaction products such as nitric oxides, ozone, 
and the like formed by the x-rays, we obtain no decrease in mobility, and no 
noticeable broadening of the maximum of the peak. But one class of ion is 
formed and remains so throughout the aging time up to 0.5”. The measure- 
ments were not carried beyond this as the air experiments had shown very 
apparent aging effects at these times. 

The results for the positive ion in air are shown in Fig. 4. The results are 
much the same in magnitude and appearance as those previously reported. 
The broadening and shift of the maximum of the peak in the case of the posi- 
tive ions shown is very noticeable. The breadth of the spectrum is not quite 
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Fig. 4. Aging experiments on positive ions in air. The right hand arrow indicates the 
position of the peak for new ions. The shift and flattening of the curves is evident. 


as great as in the earlier experiments, owing, doubtless, to the increased 
purity of the gas. The aging of the negative ions was not quite as great as that 
for the positive which is to be expected in view of the greater electrochemical 
affinity of the positive ion for the type of impurity liable to be present. 

The comparison of the two results, for air and nitrogen, rather definitely 
confirms the scheme of ionic behavior under such circumstances which has 
been advanced by Loeb and the author.® The results in air are in agreement 
with those of Zeleny® who, however, was forced to work under conditions 
permitting no great control of gas purity. 


CONCLUSION 


The results in the mixture experiments may be summarized in Table I. 


TABLE I. Summary of results. 








Gas Purity k k 
Nitrogen + NH; (trace) p 1.83 e 
2.09 
Hydrogen + NH; (trace) p 9.4 e 
Hydrogen + NH; (trace) 1 9.4 9.6 











The chemically stable NH,* ion in many compounds presents, perhaps, an 
explanation of the specific effect of NH; on the positive ion alone. The re- 


5 Loeb and Bradbury, Phys. Rev. 38, 1716 (1931). 
6 J. Zeleny, Phys. Rev. 38, 969 (1931). 
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sultant effect is evidently the protection of the positive ion from attachment 
by some bulkier molecule with a consequent increase in the observed mobility 
of the final ion. The extent of this protective effect has been discussed by 
Loeb. 


In conclusion, it is desired to thank Mr. Daniel Posin, who assisted in 
taking some of the measurements, and Professor L. B. Loeb for his sugges- 
tions and assistance in the interpretation of the experimental data. 
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Predissociation in the Spectrum of Iodine Chloride 


By WeELpDon G. Brown* AND G. E. Gipson** Q 


Ryerson Physical Laboratory, University of Chicago, and 
Chemical Laboratory, University of California 


(Received April 2, 1932) 


A study of an unusual group of bands lying just beyond the convergence of the 
ordinary visible absorption bands of iodine chloride has revealed an interesting case of 
predissociation, and has made possible a new interpretation of the electronic states in i 
accordance with Mulliken’s theory of the halogens. ‘ 


Electronic states and dissociation products. Spectroscopic evidence provided 
by the new band systems, together with thermodynamic data recently obtained by i 
Yost and McMorris, definitely prove that the dissociation products of the ordinary 
absorption system (system I) are normal atoms. The upper level of this system is now 
interpreted as a “II, state, an interpretation which is supported by the recent analysis 
of these bands by Curtis. The 3,/, 2,0, and 3,0 band of a new system (system II) have ; 
been analyzed. These bands show P and R branches only, and furnish rotational con- i 
stants for the normal state which are in good agreement with those obtained by Curtis 
from bands of system I. The upper electronic state lies 3600 cm™ above the “Il, state, 
appears to be derived from normal iodine and excited chlorine (?P;/2) atoms, and is 
classified as the O* member of the “II multiplet. The existence of this state is in satis- 
factory confirmation of Mulliken’s theory of the halogens. The 4,/ and 4,0 bands of 
system II appear as bands of continuous absorption, except for certain lines, and at 
this point a new series of closely spaced vibrational levels begins, giving rise to faint 
and diffuse band heads (system III) which converge to give normal iodine and excited q 
chlorine (?P; 2) atoms as dissociation products. The rotational structure of this system, 
as observed in absorption, is incomplete, consisting of P and R branches extending 
over narrow ranges of J values, and all lines are diffuse except the central lines in these 
short series. The sharp lines in these series can also be interpreted as belonging to 
system II. 


Predissociation. These phenomena can be explained by assuming that the predis- K 
sociation, which sets in sharply above the v’ =3 level of System II (*IIo+—'2), is due to 
interaction with a repulsive O* state derived from two normal atoms, and that, at the 
intersection of the potential energy curves, a new set of levels (system I11) originates. F 
In absorption transitions to this new O* state result in sharp lines only where the ro- ; 
tational levels coincide, at the same rotational quantum number, with predicted levels BY 
of the original *Ilo+ state. This is interpreted as due to momentary existence of the mole- 
cule in the *IIo+ state asan intermediate step in the absorption process, a step which is 
followed either by predissociation giving normal atoms, or by a radiationless transition 
into the new O* state, the latter being highly probable only when rotational levels with 
the same J value are coincident or very close. 


* National Research Fellow. 4 

** This investigation was begun as a joint research at the University of California in con- 
tinuation of experiments carried out by the undersigned at Gottingen where the predissociation J 
bands were first photographed. The completion of the rotational analysis and the interpretation 
of the fine structure of system III are the work of Brown at Chicago to whom the credit for this 
part of the paper is due. G. E. Gibson. 


529 














530 HW. G. BROWN AND G. E. GIBSON 


1. INTRODUCTION 


HE visible absorption spectrum of ICI is similar in appearance to those 

of the other halogens in that it consists of a number of series (v’ progres- 
sions) of band heads extending throughout the red and yellow. The v’’=0 
progression converges in the neighborhood of 5755A and at this point a broad 
band of continuous absorption, having a maximum at 4700, sets in and ex- 
tends into the near ultraviolet. In the region just beyond the convergence a 
number of faint bands are to be seen, two of which were discovered by Gibson 
and Ramsperger,' and several others by Gibson.” The first of these bands, 
5730A, is sharp and shows fine structure clearly while the succeeding bands 
appear diffuse, or at best show only irregular patches of fine structure. 

Gibson and Rice? noted the fact that the lines in the 5730A band, sharp 
near the head, become broadened at higher rotational quantum numbers at 
a point in the spectrum corresponding roughly to the convergence limit of 
the first system. They found subsequently, however, by microphotometry of 
this band (hitherto unpublished) that this correspondence is accidental, as 
the broadening of lines is here due to the gradual separation of two branches 
which are coincident near the head. Furthermore the analysis shows con- 
clusively that this band has v’’=1 and so the upper rotational levels lie con- 
siderably above the dissociation point. Nevertheless, predissociation-like 
phenomena make their appearance in the succeeding bands. 

The band at 17,577 cm~ is quite remarkable. Under the highest dispersion 
we have been able to employ (0.8A/mm) it appears only as a narrow unsym- 
metrical region of continuous absorption, superimposed on which are four 
distinct series of widely and almost equally spaced lines. These series occur 
in two pairs, one pair with 5 members each, and one pair with 8 members. 
In each series the central lines are sharp and in each direction they become 
rapidly diffuse and fade out. Beyond this band the lines become extremely 
numerous and very faint. A fairly strong and sharp band head appears at 
17,665 cm~! and another at 17,828 cm~. The latter is obviously the v’’ =0 
band corresponding to the 17,446 band and at this point the spectrum begins 
to repeat itself. Between 17,765 cm and 17,828 cm~' a converging series of 
closely spaced bands can be seen which are obviously not a continuation of 
the 17,446-17,577 series. These closely spaced bands are extremely faint, so 
faint that their reality might be doubted were it not for the fact that a similar 
series can be observed between 17,960 and 18,200 cm~!, which one would ex- 
pect if the former series was a v’’ =1 progression. No structure was found be- 
yond 18,180 cm. 


Il, EXPERIMENTAL 
Relative to the ordinary visible bands of iodine chloride the bands of the 
predissociation group are faint and require considerably more absorbing va- 


por. However, they lie in the region of continuous absorption from the ordi- 
nary system and at high pressures are completely obscured by this continuous 


1G. E. Gibson and H. C. Ramsperger, Phys. Rev. 30, 598 (1927). 
2 G. E. Gibson and O. K. Rice, Nature 123, 347 (1929). 
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absorption. We have obtained them using a 50 cm absorption tube containing 
excess liquid iodine chioride heated to temperatures up to 100° C, also with a 
150 cm tube at room temperature. The latter was used in obtaining the high 
dispersion photographs from which the fine structure analysis has been made. 
Iodine chloride was prepared by passing chlorine gas over pure iodine until 
after conversion to the monochloride was complete so that the material con- 
tained, in addition, some iodine trichloride. The presence of the latter ap- 
peared to be necessary to suppress completely all traces of free iodine. This 
material was placed in the absorption tube and frozen with liquid air while 
the tube was evacuated and sealed. 

Preliminary experiments to determine the optimum conditions for observ- 
ing these bands were carried out with a Steinheil prism spectrograph and a 10’ 
concave grating at the University of California. The high dispersion photo- 
graphs were obtained by one of us in the second and third orders of a 21’ 
grating at the University of Chicago. The exposures were from 30 to 48 hours, 
roughly eight times that which would have been necessary had there been 
no continuous absorption in this region. 


III. ANALYSIS OF THE 17,446, 17,664, AND 17,828 cm~! BANDs 


The three bands, 17,446, 17,664, and 17,828 cm~, show no anomalies in 
their fine structure. In appearance they are like the well-known bands of 
chlorine or bromine in that they consist of two branches (coincident near the 
heads) which can be described at once as P and R branches. The combination 
differences which can be obtained in each band are 


AF’(J) = RJ — 1) — PU +1), and AF’) = RY) — PU). 


From the relative positions one predicts beforehand that 17,446 and 17,828 
have the same upper vibrational state, and that 17,665 and 17,828 have the 
same lower vibrational state. The analysis then becomes merely a matter 
of obtaining combination differences which agree for the proper vibrational 
level. The frequencies, in cm, of lines in these bands and the combination 
differences are given in Tables I, II, and III. If any further proof for the cor- 
rectness of the analysis of these bands were needed it lies in the agreement of 
the B’’ values so obtained with those obtained by Curtis and Patkowski’ in 
their analysis of the ordinary absorption bands. 

The measurements of the 17,664 band are less accurate than those of 
17,446 and 17,828, because the lines in this band are extremely faint and be- 
cause of overlapping lines from other bands. Only one second-order plate 
shows these lines strong enough for measurement, and then only with diffi- 
culty. The question as to how high the upper rotational levels extend is of 
importance but is not easily answered. In the 17,446 band the lines can be 
observed up to J’ =52 in each of the P and R branches, and in the neighbor- 
hood of this point diffuseness gradually sets in. However, there is overlapping 
here from the converging bands of the main system and it is not possible to 
state definitely whether any undue influence is operating to make higher 


3 W. E. Curtis and J. Patkowski, Nature 127, 707 (1931). 
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P R AF’ AF’ | J P R AsF” AF" 
17 ,445.95* | 24 422.52 430.35 11.08 7.83 
445 .63* 125 420.69 428.87 11.52 8.18 
445 .30* | 26 418.83 427.30 12.00 8.47 
444.87* 27. = 416.87 425.67 12.43 8.80 
444.37* | 28 414.87 423.96 12.89 9.09 
443.83* 17,445.95* 2.12 | 29 412.78 422.23 13.30 9.45 
443.17* 445 .63* 3.44 2.41 | 30 410.66 420.39 13.82 9.73 
442.46* 445.30* 3.86 2.79 | 31 408.41 418.50 14.27 10.09 
441.71* 444 .87* 4.36 3.10 | 32 406.12 416.50 14.73 10.38 
440. 88* 444.37* 4.79 3.43 | 33 403.77 414.46 15.97 10.69 
440.01* 443.83* 5.23 3.75 | 34 401.33 412.36 15.59 11.03 
439 .006* 443.17* 5.69 3.98 | 35 398.87 410.18 16.07 11.31 
438 .06* 442.406* 6.10 4.27 | 36 396.29 407 .93 16.55 11.64 
436.93* 441.71* 6.51 4.63 | 37 393.63 405.61 16.98 11.98 
435.90 440 .88* 6.99 4.92 | 38 390.95 403.23 17.42 12.28 
434.66 440.01* 7.45 5.28 | 39 388.19 400.80 17.87 12.61 
433.37 439 .06* 7.92 5.61 | 40 385.36 398.27 18.35 12.91 
432.02 438.06* 8.38 5.96] 41 382.45 395.69 18.78 13.24 
430.60 436 .93* 8.86 6.24] 42 379.49 393.03 19.23 13.54 
429.12 435.69 9.29 6.57 | 43 376.46 390.29 19.68 13.83 
427.56 434.43 9.73 6.87 | 44 373.35 387.57 20.11 14.22 
425.96 433.12 10.17 7.16 | 45 370.18 384.69 14.51 
424.26 431.77 10.60 7.51 | 
B,'’=0.1132 Bs’ =0.0800 | 
* P—R doubling not resolved. 
TABLE Ia. Cl" 3, 1 band, v° =17,447.09 cm. 
J P R | J P R 
8 17 ,443 .52* 15 442 .03* 
9 442 .80* 16 441.18* 
10 442 .03* 
11 441.18* 39 391.91 
12 40 389.24 
13 17 ,443.52* 
14 442 .80* 4+} 391.50 
45 388.73 
* P—R doubling not resolved. 
TABLE II. 3, 0 band. v° =17,827.76 cm. 
a R A2F”’ AoF’ | J a R AF” A2F’ 
17,811.74 33 17,784.44 17,795.20 15.27 10.76 
810.19 34 781.96 793.02 15.79 11.06 
808.59 35 779.41 790.77 = 16.16 =11.36 
806.98 36 776.86 788.50 16.63 11.64 
805 . 33 37 774.14 786.10 17.08 11.96 
803.45 17,811.34 7.89 | 38 771.42 463.43 47.52 12.31 
801.63 809.78 11.61 8.15 | 39 768.58 781.18 17.94 12.60 
799.73 808.18 12.07 8.45 | 40 765.79 778.70 18.55 12.91 
797.71 806.56 12.48 8.85 | 41 762.63 776.07 13.44 
795.70 804.86 13.01 9.16 | 42 773.37 
793.55 802.98 13.46 9.43 | 43 770.57 
791.40 801.17 13.87 9.77 | 44 767.70 
789.11 799.23 14.30 10.12 | 45 764.92 
786.87 797.23 14.79 10.36 | 46 761.82 


W. G. BROWN AND G. E. GIBSON 


(TABLE I. 3, 1 band, v°=17,446.26 cm. 
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TABLE III. 2, 0 band. v° = 17,664.04 cm=. 














J P R AF’ aF’ | J P R AoF" ~— AoF’ 
16 17,652.86 34 17,621.33* 17,632.87" 15.91 11.54 
17 651.73 35. 618.93 (630.83 16.32 11.90 
18 650.31 36. «616.71.» 628.73 16.72: 12.18 
19 649.00 37. «614.11. 626.61 17.09 12.50 
20 «647.58 38 611.64 624.45 17.50 12.81 
21 646.19 17,653.31 7.12|39 609.11 622.15* 17.95 13.04 
22 644.69 (652.15 10.23 7.46/40 606.50 619.77 18.38 13.27 
23 643.00 650.83 10.72 7.75141 603.77 617.38 18.78 13.61 
24 «6641.50 649.52 11.15 8.09142 600.99 614.94 19.26 13.95 
25 639.68 648.16 11.60 8.48/43 598.12 612.44 19.72 14.22 
26 637.92 646.69 12.07 8.77) 44 595.22 609.84 20.22 14.62 
27s 636.09 645.27. 12.46 = 9.08 | 45 5592.22 607.19 20.54 14.97 
28 634.23 643.54 12.92 9.37/46 589.30 604.49* 21.07. 15.19 
29 ~=«632.25* 641.95 13.39 9.70147 586.12 601.83 15.66 
30 630.21. »«=-640.27. 13.84 10.06 | 48 598.94 

31 628.11 638.56 14.36 10.45 | 49 595 .99 

32 625.91 636.74 14.90 10.83 | 50 593.05 


33 623.66 634.84 15.41 11.1 


B,'’=0.1140 B.’ =0.0829 | 





* Line not measured; value smoothed in. 


members of these branches diffuse. The fact that the sharpness of the P and 
R branches ends at the same quantum number rather than at the same place 
in the spectrum may have some significance, particularly since Curtis and 
Patkowski were able to observe up to J =80 in the main bands. The band at 
17,828 is less intense and there is overlapping here also, particularly by the 
17,769 band, but the appearance at quantum numbers above 50 is very simi- 
lar to the 17,446 band. 

From these three bands some very necessary information can be derived, 
particularly with regard to the vibrational numbering, frequency of vibration, 
and the rate of convergence of the upper electronic state. From the combina- 
tion differences of the 17,446 band one can estimate the value of the coeffi- 
cient D in the rotational energy expression, and hence w(D = —4B*/w’*). The 
value of D turns out to be so small that one can only deduce that w lies be- 
tween 150 and 200 cm~. This serves, however, to show that 17,664 and 17,828 
are successive members in av’ progression, being separated by 164 cm~!. One 
can now proceed to utilize the isotope effect to determine the vibrational 
numbering. Rotational lines of the ICI*’ band corresponding to the 17,446 
band of ICI* are given in Table I. To be sure, the number of lines listed is 
small, but several others have been observed visually and a faint head 0.8 
cm! on the short wave-length side of 17,446 agrees well with the calculated 
separation of origins, 0.83 cm~'. The isotope separation for the lower state 
can be calculated by means of the well known formulae, and we find for v’’ = 1, 
56G’’ = —12.19 cm~. Hence, 6G’ = —12.19+0.83 = —11.36 cm. This is to 
be equated as follows 





éG’ = w,.(p — 1)(v + 3) 


where (p—1) is known accurately, and w, is something slightly less than 163 
cm-!. Only the value v’=3 comes into consideration, and on substituting 


































ee de 


Ps ee 





534 HW. G. BROWN AND G. E. GIBSON 


in the above expression we find w,=152 ecm~. A second approximation gives 
w, =151 cm. The numbering of bands, therefore, is as follows: 17,466 (3, J); 
17,665 (2, 0); 17,828 (3, 0). 

We now have two values of w, namely: we; = 164, and w; = 151. These give 
an approximate value of w.x,=13 cm™ indicating not only that the series is 
converging with great rapidity but also that the 17,577 band is the next mem- 
ber of the v’’ =1 series. 


IV. DIFFUSE BANDs 


As seen under low or moderate dispersion the band heads of the predis- 
sociation group are shown in Table IV in order of decreasing wave-length: 


TABLE IV. 
Estimated Estimated 

em"! intensity Remarks cm"! intensity Remarks 
17,446.5 10 Sharp. (3, /) | 17,769* 2 Sharp 

447.3 2 ICI?" (3, 1) 790 1 Sharp 

474 1 Probably (/, 0) 807 0 Doubtful 

577 8 Diffuse | 820.6 2 Sharp ICI* (3, 0) 

665 5 Fairly sharp 828.0 5 Sharp, (3, 0) 

696 2 Diffuse 885 0 Doubtful 

722 2 Diffuse 952 3 Diffuse 

743 2 Diffuse 981 1 Diffuse 








* This band coincides with a strong J: band, but it remains when every other trace of J. 
bands has been eliminated. 























17,450 17,500 17,600 


Fig. 1. Showing the relation between the observed lines of series I and II to the pre- 
dicted structure (solid lines) of the 4,/ band of system IT. 
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Under high dispersion the diffuse bands become less conspicuous while the 
fine structure in the region 17,446-17,828 cm™~ appears in irregular groups 
of sharp and diffuse lines. Between 17,446 and 17,577 cm™ there are the four 
especially prominent series of lines (series I and II of Table V), mentioned 


TABLE V. Incomplete branches of system III bands. 





Series I, v° =17,600.8 cm 


24 17 ,566.23uu 
25 563 .40uu 11.33 
26 17 ,554.90uu 560.12u 12.00 5.22 0.0491 
27 551.400 556.87s 12.39 5.47 0.0497 
8 547.73 553.58 12.91 5.85 0.0512 
29 543 .96s 550.25u 13.41 6.29 0.0532 
30 540.17 546.80 13.87 6.63 0.0543 
31 536.38 14.25 
32 532.55uu 
33 528.65 
Series II, vo =17,632.6 cm 

43 517.30uu 
44 511.86u 20.14 
45 497 .16uu 506.15s 20.69 8.99 0.0494 
46 491.17 500 .39u 21.06 9.22 0.0495 
47 485 .09s 494 .73uu 21.48 9.64 0.0507 
48 478 .91u 

Series III, v° =17,696.8 
27 640 .27* 
28 636 .09* 640.85 4.76 0.0417 
29 631.93 636.74* 13.37 4.81 0.0407 
30 627.48 632.53 13.83 5.05 0.0413 
31 622.91 628.11* 14.35 5.20 0.0412 
32 618.18 623 .66* 14.68 5.48 0.0421 
33 613.43 618 .93* 15.32 5.50 0.0411 
34 608 . 34 614.11* 15.64 5.77 0.0417 
35 603.29 609.11* 5.82 0.0409 

. 


Line overlaps line of 2,0 band. 


Series IV, not identified 
17 ,584.l4uu, 17,577.35u, 17,570.60u, 17,563.40un. 


s=sharp, «=broad, uu=very broad. 


in the introduction. Overlapping the 2, 0 band, the head of which is at 17,665 
cm~', is another pair of series (series III), so obscured by the 2, 0 lines that 
it is impossible to determine its full extent or the character of the lines. An- 
other widely spaced series (series IV), consisting of four strong diffuse lines, 
is to be observed in the neighborhood of 17,577 cm~'. Between 17,665 and 
17,769 cm there are numerous diffuse lines with no obvious regularities. 
The occurrence of these series in pairs suggests that each pair consists of 
a P and an R branch, and since the phenomenon causing diffuseness must be 
one affecting the upper level one is led to assume that each branch extends 
over the same range of upper rotational quantum numbers. However it is 
difficult to determine the extent of each series, and, following the same argu- 
ment, we assume that the sharpest lines in each pair correspond to the same 
J’. That this analysis of series I and II yields correct values of the combina- 
tion differences for the lower vibrational state is shown in the table. These 
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differences also establish the rotational numbering. On plotting these lines 
on the usual type of Fortrat diagram (Fig. 1) it appears that series I and 
II are segments of two successive bands, the upper level of which is charac- 
terized by a very large moment of inertia (small B value) and a smali fre- 
quency of vibration. The v’ values calculated in the usual way are 17,601 and 
17,633 cm~! for series I and II respectively. On the other hand the sharpest 
lines of series I and II correspond very well with the structure one would ex- 
pect for the 4, 7 (shown by the solid lines in Fig. 1). This interpretation yields 
B,’ =0.073 v°(4, 1) =17,583 cm~', and implies perturbations of the diffuse 
lines of a nature which can be inferred from Fig. 1, i.e., positive at one end of 
a series changing to negative at the other, and amounting to as much as 
6 cm~!. It is to be noted that this is much greater than the width of a diffuse 
line so that the diffuseness cannot be the result of crossing of the 4, / 
branches by branches of some other band. 

Series III consists of at least 15 members, each a narrow doublet. Of these 
8 have been measured and are given in Table V together with an assignment 
of rotational quantum numbers which leads to correct A,F’’ values. The cor- 
responding B’ value is somewhat lower than for series I and II, and the v® 
value is 17,697 cm™. 

One would expect that, like series I, II, and III, series IV should be double. 
If the observed lines are R lines, the corresponding P lines should be present 
at longer wave-lengths, or vice versa. Another possibility is that the P and R 
branches are coincident giving a single series of lines. We are inclined toward 
the belief that these lines are R lines, and the corresponding P lines are pres- 
ent but lost in the complicated group of 2, 0 and series III lines. If this is the 
case the v® value is somewhat greater than 17,697, the B’ value somewhat 
smaller than that for series III, that is, series IV bears the same relation to 
series III that series II does to series I. 

These v® values fit remarkably well into the series of closely spaced band 
heads observed under low dispersion, and one can arrange both in a vibra- 
tional analysis, assuming for the present that they constitute an independent 
band system (system III). (Table VI.) Unfortunately, it has not been possi- 














0 1 
0 17,981 (h) 17,601 (v°) 
1 obs. 17 ,633 (v°) 
2 obs. 17 ,665 (h) 
3 obs. 17 ,697 (v°) 
4 obs. 17,722 (h) 
5 obs. 17 ,743 (h) 
6 obs. 17,769 (h) 
7 17,790 (h) 
8 17,807 (h) 





ble to observe the isotope shifts, either of the rotational lines, or of the band 
heads. As a result the v’ numbering of system III is arbitrary. 
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V. Dissociation Limits 


There has been a good deal of discussion as to whether the convergence of 
system I correspond to dissociation into two normal atoms, or into normal 
iodine and an excited chlorine atom in the *P; state. The experimental thermo- 
dynamic data, upon which Gibson and Ramsperger based their conclusion 
that the latter is the case, are open to some criticism, and on the photo- 
chemical side the evidence is somewhat conflicting. (The statement by Mulli- 
ken‘ to the effect that the experimental evidence favors excited chlorine as 
a dissociation product is obviously the opposite of what the author intended.) 
Recently, Yost and McMorris® have obtained accurate thermodynamic data 
for the reaction, }Js(g) +3Cls(g) =1Ci(g), that are in beautiful agreement with 
the results calculated from band spectrum data on the assumption that the 
convergence at 5755A corresponds to dissociation into two normal atoms. 

The actual point of convergence of the bands of system I is known to a 
high degree of accuracy. As Darbyshire® has recently shown, the earlier extra- 
polations by Gibson and Ramsperger, 17,410 cm (convergence of the v’’ =0 
progression), and of Wilson, 17,430 cm™, are probably too high. From their 
data he obtains 17,340 cm~. From new measurements which we have made 
we obtained a slightly higher value 17,365 cm™, or 2.143 volts. 

From the data for the v’=2 and v’ = 3 levels of system II we can perform 
a linear extrapolation and so obtain a rough value for the dissociation limit. 
The result is 18,270 cm~. Similarly an extrapolation can be made from the 
known levels of system III. The extrapolation here is much shorter and gives 
18,250+20 cm . If the dissociation products of system I were normal iodine 
and excited chlorine the next lowest limit would be two excited atoms, or 
17,365+ 7600 = 24,965 cm. On the other hand if normal atoms are the prod- 
ucts of system I, the limit for dissociation into normal iodine and excited 
chlorine would lie at 17,365+880 = 18,245 cm~'; which is in excellent agree- 
ment with the above extrapolations. 


VI. CHARACTER OF THE ELECTRONIC STATES 


As mentioned above, there is no longer any reason for believing that the 
ICI] bands (system I) are analogous to the bands of the homonuclear halogens. 
The upper levels of the visible Cle, Bre, and I, bands, according to Mulli- 
ken’s'? interpretation, are *IIp+ levels, with coupling either Hund’s case c 
or something intermediate between case a and case c, and derived from one 
normal and one excited atom. Transitions from the normal state to such a 
state result in bands having P and R branches only, in agreement with the 
observed structure. In the case of ICI] Curtis has shown that P, Q, and R 
branches are present. The recent work of Schlapp* on intersystem intensities 


*R.S. Mulliken, Phys. Rev. 36, 1413 (1931). 

5D. M. Yost and J. McMorris, J. Am. Chem. Soc., forthcoming paper. We are indebted 
to these authors for communicating their results to us in advance of publication. 

6 QO. Darbyshire, Phys. Rev. 39, 162 (1932). 

7 R.S. Mulliken, Phys. Rev. 36, 669, 1440 (1930). Also Rev. Modern Phys. 4, 17, 70 (1932). 

5 R. Schlapp, Phys. Rev. 39, 806 (1932). 
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shows that such structure can arise from a “II,<'S transition, but not froma 
‘JT oS transition. This, together with the existence of additional states pre- 
dicted by the theory, establishes the upper state of the visible IC] bands (sys- 
tem 1) as a “II, state. These bands are thus analogous in every respect save 
intensity with the infrared, rather than the visible, bands of Bre and Ie. 

The upper level of the bands of system II must be a O* level since only 
P and R branches appear. These bands are apparently analogous to the Cle, 
Bre, and I; bands. The fact that the r, and w, values are of the same order of 
magnitude as for the ‘II, level is strongly suggestive of a multiplet relation 
between them, or in other words this O* level is a component of the ‘II multi- 























5 6 


r (A) 


Fig. 2. Potential energy curves for the 'S (normal) and “II states of ICI. The *IIy+ state is 
shown here as derived from normal iodine and excited chlorine atoms, and crossed by a repul- 
sive state derived from two normal atoms. See Fig. 4. 


plet. Also, the upper level of system III has the character of a 0+ state if our 
analysis of the sporadic fine structure is correct. 

The relative positions of these states, omitting for the time being the 
upper level of system III, is shown by means of the approximate potential 
energy of Fig. 2. These curves have been sketched by means of the Morse 
formula, using the data of Curtis and Patkowski* and Darbyshire® for the 
‘JT, level. 

Mullikent assumed that the total width of the ICI ‘II multiplet would be 
roughly the same as for Bre, which he estimated at 2400 cm, or a half width 
(11,—*II,) of about 1200 cm. Actually it seems to be more closely related 
to that of iodine. If, as seems likely, the upper level of the infrared iodine 
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absorption bands is the ‘II, level, then the splitting of the 0* and 1 compo- 
nents is 3800 cm or greater. Our data indicate that the splitting of the two 
levels for ICI is about 3600 cm, while the data for Bre indicate a splitting 
somewhat greater than 1100 cm~'. The separation of the *IIo+ and the ‘II, is 
probably somewhat greater than the half width of the II multiplet, however, 
because of the splitting of the *ITo+ and “II- states. 

In general, these developments in connection with ICI provide good 
experimental confirmation of the theory of the electronic states of the 
halogens outlined by Mulliken. 

Before proceeding to a discussion of the predissociation phenomena it is 
of interest to consider the question of relative intensities. The spectrum of 
ICI exhibits, in addition to a strong band system (I) and a weaker one (II), 
a very strong continuum with a maximum at about 4700A. On application of 
the Franck-Condon principle to the potential energy curves of Fig. 2, it is to 
be observed that the transition *II]p+<-'S provides a more satisfactory ex- 
planation of the observed continuum at 4700A than does the transition 
3J1,<'S. The maximum for the latter should occur in the neighborhood of the 
convergence, resulting in an intensity distribution like that of the visible 
iodine bands. An additional region of continuous absorption,’ having a 
maximum at 2400A, is perhaps due to transitions to the repulsive O* state 
shown in Fig. 2. Thus it appears that the transition *IIp,<'> is really stronger 
than the transition *II,'S, just as in Bre and I», although the difference is 
not as marked as in the latter cases. Van Vleck,'® extending Schlapp’s dis- 
cussion of *II<—'S intensities, has given an explanation for the difference in 
intensities of these two transitions, and has shown that the relative intensity 
may differ widely for different molecules. , 


VII. PREDISSOCIATION 


The experimental facts relating to predissociation are summarized as 
follows: 

(1) The bands of system IT (‘IIp—'2) apparently end abruptly at v’ =4, 
transitions to v’=4 being diffuse. The level v’=4 lies 600 cm above the 
point of dissociation of the ‘II, state (normal atoms). 

(2) The rotational levels of the vibrational state v’ = 3 are well defined to 
at least J’=52. Lines due to transitions to levels above J’ =52 appear to be 
broadened but this has not been definitely established. The level J’=52 
(v’ =3) lies 680 cm~! above the point of dissociation into two normal atoms. 

(3) Beginning very slightly above the v’ = 4 level of system II a new series 
of closely spaced levels begins. The first six of these give rise to diffuse band 
heads. Three following band heads (higher levels) appear much sharper. The 
bands of this group are referred to as system III and converge to give normal 
iodine and excited chlorine on dissociation. 

(4) All rotational structure of system III appears diffuse under high 


® Cordes and Sponer, Zeits. f. Physik 63, 338 (1930). 
10 J. H. Van Vleck, Phys. Rev. 40, 544 (1932). We are indebted to Professor Van Vleck for 
the privilege of reading his paper in manuscript. 
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dispersion except characteristic groups belonging, apparently, to three differ- 
ent v’ levels. Each group consists of two incomplete branches in which only 
the central lines are sharp. Analyzing these as P and R branches gives com- 
bination differences for the lower level which agree satisfactorily with those 
obtained from other band systems. Approximate B’ and v’ values are thus 
obtained. 

(5) The value of (r’—r’’) for system III bands is so large that such transi- 
tions, according to the Franck-Condon principle, should be extremely weak. 
While the band heads referred to in (3) above are actually very faint, the 
fine structure groups mentioned in the preceeding paragraph are quite strong, 
nearly as strong as individual lines in the (3, /) band of system II. 
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Fig. 3. Energy level diagram for the upper states of systems II and III. Note the corre- 
spondence of the observed system III levels (shown by solid lines) with hypothetical levels of 
the *IIo+ state (dotted lines) with the same J values. 


(6) The rotational levels of system III which give rise to sharp spectral 
lines appear to be closely related to the rotational levels of v’ =4, and v’ =5 of 
the “II, state, even though the v’ =4 band of system IT (except for the sharp- 
est of these lines) appears only as a narrow region of continuous absorption, 
and v’=5 bands are not otherwise observed. That is, rotational levels which 
can be construed as common to the upper states of system II and III are 
sharp, and no other lines of system III are sharp. This can be shown best by 
means of an energy level diagram (Fig. 3). Here the predicted levels of v’ =4 
and v’ = 5 (calculated from the data for the v’ =2 and v’ =3 levels) are shown 
as dotted lines together with the observed energy levels. 
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(7) The v® values calculated from the lines in these groups of fine structure 
with the B’ values obtained from the combination differences agree well with 
observed band heads of system III. Such agreement would be fortuitous if 
the upper rotational levels here were merely perturbed v’ =4 and v’=5 rota- 
tional levels, for in this case B’ values obtained from the combination 
differences would be without significance. 

To account for these phenomena we suppose the following state of 
affairs. A repulsive O* state, derived from normal atoms, crosses the *I]o+ 


74 





























Fig. 4. Potential energy curves for the *II states (U(r) scale greatly increased over Fig. 2) 
showing how the *IIp+ state may predissociate above the level »=3. The upper levels of system 
III are shown as a series of closely spaced levels above the point of predissociation. 


state at an energy corresponding to the v’ =4 level of system II, i.e., 17,960 
cm above the v’’ =0 level, or about 600 cm™ above the energy of two nor- 
mal atoms. The interaction between the two O* states is such as to produce, in 
effect, two new but not independent states (Fig. 4). The *IIo+ state, formerly 
leading to dissociation into normal iodine and excited chlorine atoms, now 
may pass over a potential energy hump and so predissociate into two normal 
atoms. In the minimum formed by the intersection of the original pair of O* 
curves a new set of quantized levels, rotational and vibrational, is formed. We 
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note, from the potential energy curves, that this accounts fairly well for the 
large r, and small w, values of the upper level of system III. 

Herzberg" was the first to point out that the predissociation in this spec- 
trum is probably a result of interaction with a repulsive state. 

It is more difficult to explain the peculiar fine structure, but the con- 
clusion that the observed lines of system III are in some way related to the 
‘ITo+ state is difficult to escape. The rule enunciated in paragraph (6) above 
not only accounts for the existence of series I-IV, but also for the fact that no 
lines of the 2,/ band of system III are observed since (see Fig. 3) no levels 
with the same J coincide. Qualitatively, it explains the number of lines in 
each of these series, and the greater sharpness of the system III band heads 
near their convergence. 

On the other hand it is difficult to see how discrete levels of *I])- can exist 
above the point of predissociation when the interaction with the repulsive O* 
state is so great that a new set of levels is formed. As a matter of fact, no 
levels which can be unambiguously identified as *I]y)- have been observed 
above this point, but one is lead to postulate that the quantization of this 


state above the point of predissociation is not entirely destroyed, or at least 
not for certain quantum numbers. This is represented schematically by Fig. 
5 which illustrates the proposed type of interaction at the point of intersec- 
tion of the two O+ curves. Thus while the *IIo, levels are unstable and not 
sharply defined above this point we suppose that the rotational quantization 
still exists to some degree, and that where these levels coincide with levels of 
the new O* state with the same rotational quantum number a “transition” 
to the latter is possible, resulting in greatly increased life and, in absorption, 
an observable spectrum line. The absorption process is then not a simple one 
and it is now less strange that the lines of series I-IV appear with about the 
same intensity as the lines of the 3,/ band of system II, while the band heads 
of system III, in accordance with the Franck-Condon principle, are very 
weak. 

No rigid theoretical justification of these assumptions is attempted, nor do 
we insist on too great an emphasis being placed on our interpretation. Van 
Vleck (private communication) prefers to regard the observed levels of sys- 
tem III as vestigial remains of the original *IIo+ state. This designation is apt, 
and perhaps no closer inquiry as to the nature and origin of these levels is 
warranted by the limited amount of experimental data. 


1G. Herzberg, Ergebnisse der Exakten Naturwissenschaften 10, 272 (1931). 
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One further point is worthy of comment. In section IV it was remarked 
that the maximum at 4700A in the continuous absorption of iodine chloride 
is probably due to the transition *IT9+<—'S. It is now clear that the dissocia- 
tion products corresponding to this absorption are normal iodine and both 
normal and excited chlorine atoms, since the *IIy+ state can yield normal 
chlorine atoms by predissociation. The relative amounts of normal and ex- 
cited chlorine atoms probably depend to some extent on experimental con- 
ditions (pressure, and wave-length of incident radiation) and an escape from 
the conflicting photochemical experiments is thus provided by this interpre- 
tation of the spectrum. The experiments performed at low pressures” tend to 
show, however, that mainly normal chlorine atoms are produced. 
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The Theory of the Magnetic Quenching of Iodine Fluorescence 
and of A-Doubling in ‘II, States 


By J. H. Van VLECK 
University of Wisconsin 


(Received April 4, 1932) 


A theoretical basis is given for Turner's proposal that the magnetic quenching 
of iodine fluorescence is a predissociation phenomenon. To this end it is shown that a 
magnetic field introduces matrix elements in the Hamiltonian function between the 
‘II¢* and “IIo~ (or possibly the “*Ily* and *Xo*) states, respectively stable and unstable 
in I,. This confirms Mulliken’s assignment of *Ilp* to the upper state of the halogen 
visible bands. The magnetic field has a unique role for so-called 0*, 0~ levels because 
perturbations between these particular states cannot arise from rotational distortion, 
the cause of the usual Kronig predissociation, or from electric fields unless they are 
very large or else markedly inhomogeneous. The magnetic quenching should be inde- 
pendent of the rotational quantum number (section 5) and should depend on field 
strength in the form b? (a+6?). The observed mode of frequency dependence de- 
mands that in I, the potential curves of “IIo, *Ilp~ states, which are the two compo- 
nents of a A-doublet, be extremely close for certain values of r or else actually cross 
each other. This crossing is shown to be theoretically possible under certain conditions. 
The possibility of magnetic predissociation in other molecules is also discussed. The 
predissociation due to collision observed by Turner, Kaplan, and others probably 
arises because electric fields can blend u and g states, and also 0* and O~ states if in- 
homogeneous. 

Incidental points in halogen band spectra are discussed. Schlapp’s intensity 
theory confirms Brown's assignment of *II; to his new level in Iz, Br:. A calculation is 
given showing why the “I~ level in ICl appears derived from ?P3.(1) +?P;/2(Cl) when 
configuration theory (the non-crossing rule) suggests ?P3).+*Ps». An explicit mecha- 
nism is thus furnished for Brown and Gibson's interpretation of the predissociation 
of ICI published elsewhere in this issue. 

The writer’s previous formulas for the width of A-doublets in “Ilo states are ex- 
tended to include investigation of the sign of the doublet and the perturbations from 
'y, *S states previously omitted although coordinate in importance with those from 
*Y. The need of considering these inter-system interactions is caused by the fact that 
the doubling is a second rather than first order spin-orbit effect. The structural form 
of the secular determinants inclusive of spin-orbit terms is exhibited for molecules 


arising from ?P+?P,?P+?P’, and?P+3?S. 


1. INTRODUCTION 


HE fluorescence of iodine vapor is considerably quenched by application 
of a magnetic field. This effect was first discovered by Steubing, and has 
been the subject of considerable subsequent experimentation.' The most recent 
experimental work is that of Turner.’ He finds that the magnetic quenching 
is quite sensitive to the frequency of the exciting light. When the latter is 
1W. Steubing, Verh. d. D. Phys. Ges. 15, 1181 (1913); Ann. der Physik 58, 55 (1919); 
64, 673 (1921); R. W. Wood and G. Ribaud, Phil. Mag. 27, 1009 (1914); O. Oldenberg, Zeits. 
f. Physik 57, 186 (1929). 
2 L. A. Turner, Zeits. f. Physik 65, 464 (1930). 
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below 17,300 cm, the field is without effect, while the quenching is greatest 
(almost 50 percent at 12,500 gauss) in the neighborhood of 18,500 cm™, 
gradually diminishing at still greater exciting frequencies. 

The theory of the effect has been suggested in bold outline by Turner.? He 
interprets the effect as predissociation, i.e. as dynamical interaction between 
stable and unstable molecular states. Such interaction causes a sort of com- 
munism in the properties of the states involved. The originally stable state 
partakes partially in the instability of the other state, and vice versa, because, 
of course, the perturbed wave functions are linear combinations of the two 
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Fig. 1. 


The curves marked 0~ and 0* in the figure are for the *Ily,~ and “Il,* states respectively. 
These states are often for brevity called the M and N states elsewhere in the article. 

The figure shows only a very small portion of all the molecular states derived from *P +?P. 
We are particularly interested in the states having °=0. There are ten states of this category; 
viz. 


'Z.", Wess "ae a oe" (all type 0,*); 3ITo,~(type 0,7); 
Wes, "Eas ee 3 ee (all type 0.7); 5IIo,* (type 0,°*). 


Of these, three are shown in Fig. 1. The derivation of these ten states must be apportioned in 
accordance with the following scheme: 


2P 3/9 a 2P; 2:0,* (twice) gs (twice). 2P; 2 + 2P; so", a." aa gh 2*Pip + 2P; 2:0,", ee 


That this enumeration and apportionment of possible states is proper can be seen from the 
Wigner-Witmer correlation rules in the extended form given by Mulliken.* 


unperturbed ones. There is hence a finite probability that an otherwise stable 
excited state will dissociate. If this probability is comparable with the proba- 
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bility of radiation the molecule may dissociate after optical excitation instead 
of reverting with radiation to the normal state. There will clearly then be a 
quenching of the fluorescence. For instance in Fig. 1, if the Hamiltonian func- 
tion contains matrix elements connecting 0* and 0-, a molecule excited to 
the 0* state may dissociate without radiation via the 0~ state instead of re- 
turning to the 'X,* state. 

If, following Turner, the magnetic quenching in iodine thus be ascribed to 
predissociation, the big theoretical problem is to show that in certain 
molecular configurations the predissociation is peculiarly important in mag- 
netic fields, i.e., that such fields can introduce previously non-existent matrix 
components between a stable and unstable state in the Hamiltonian function. 
This Turner did not do, as his paper did not aim to include the necessary 
mathematical analysis and so incidentally could not identify correctly the 
character (i.e., spectroscopic nomenclature) of the unstable level which wrecks 
the stable one. In the present paper we shall show that the predissociation is 
due to the interaction between a “II)*+ and an unstable *IIp~ (or possibly a 
’Yo*) state, corresponding to the states labelled 0*, O~ in Fig. 1, and that a 
magnetic field does indeed have the effect of creating an interaction between 
these states. In fact this is the only pair of states available in iodine for which 
a magnetic field can cause predissociation not otherwise present. All other 
pairs are either not appreciably intermixed by the magnetic field, or else 
intermingle and so permit predissociation even in the absence of the field 
(cf. p. 548). With a 0*, 0-, pair we have what may be termed magnetic 
predissociation, to be contrasted with the usual Kronig* predissociation due to 
rotational distortion, in which the molecular rotation is the agency for creat- 
ing new matrix elements. The magnetic quenching phenomena thus nicely 
confirm Mulliken’s previous assignment?! of a *II,+ configuration to the upper 
state of the visible iodine bands. 

Rough Model. If one does not wish to wait for the more exact analysis in 
later sections, the following very sketchy two dimensional model may be used 
to illustrate roughly the modus operandi of the magnetic field in blending the 
two components of “IIo, which constitute a “A-type doublet”. Consider two 
“dumb-bells” or dipoles rotating in the same plane and having a mutual po- 
tential energy f{cos(¢:—¢2) \. The wave equation is then of the form 
dy /do"+d*y/do.?+a(W—f)y=0. If each dumb-bell has originally one 
quantum of angular momentum and the combined angular momentum is zero, 
the “zeroth approximation” wave functions for | f| KW are ¥* = cos (¢:—¢:2) 
and Y =sin (¢:—@2), since f will involve no matrix elements at all be- 
tween states which are respectively even and odd in ¢:—¢;. Apply now per- 
pendicular to the plane of rotation a magnetic field sufficiently powerful to 

3 R. de L. Kronig, Zeits. f. Physik 50, 347 (1928); 62, 300 (1930). 

*R.S. Mulliken, Phys. Rev. 36, 699, 1440 (1930); 37, 1412 (1931). The subsequent theo- 
retical work of R. Schlapp (ibid. 39, 806, 1932) has confirmed Mulliken’s conjecture that the 
upper state of the visible halogen bands could not be *Zo,4:* (a conceivable though unlikely 


alternative to *IIo*) without contradicting observed intensities, especially the absence of a Q 


branch. The intensity relations would be proper, the same as for *IIo*, if the upper state were 
‘Xo, but this configuration is not derivable from unexcited iodine atoms (cf. caption of Fig. 1). 
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produce Zeeman effects large compared to W+— W-, which is of the same 
order as f. If one of the dumb-bells has an anomaly 2 in magnetic moment, the 
proper wave functions become e‘‘*:~%), e~‘(%:-%), as exponentials rather than 
trigonometric functions diagonalize the operator 0 - - - /0¢,+20 - - - /dds 
though at the expense of diagonalizing f. When the exponentials are utilized 
all traces of the original even and odd properties are lost, and hence the 
states are thoroughly intermingled, the desired result. In this model, the two 
dumb-bells represent symbolically spin and orbit respectively, and cos (6: —@2), 
sin (¢; —@2) the *II]o*, *IIo~ states. 


2. SYMMETRY CONSIDERATIONS 


The existence or non-existence of matrix elements between different 
states involved in perturbations is conditioned largely by the following sym- 
metry types® and constants of the motion. 

(A) A complete state inclusive of molecular rotation is called + or — by 
band spectroscopists according as its wave function is even or odd when the 
coordinates of all particles are reflected in the origin. 

(B) In molecules of the type X- a state is called g or u according as there 
is evenness or oddness under reflections of the coordinates of all electrons 
in the origin, without a similar reflection for the nuclear coordinates. The 
origin must here be taken as the mid-point of the inter-nuclear axis. 

(C) For molecules having Q=0, there is the further classification 0*, 0- 
(not to be confused with +, — in A) according as the wave function is even 
or odd as regards reflection of orbital and spin coordinates together in any 
plane containing the two nuclei. We follow approved® spectroscopic nomen- 
clature and so let A, ©, 2 be quantum numbers determining respectively the 
orbital, spin, and orbital plus spin angular momentum about the figure axis. 
Molecules having 2=0 we shall call 0 states. A 0 state is not necessarily a 
~ state. For example, “IIo states are 0 states, as they have A? = >*?=1 with 
A+2Z=0. The ‘IIo, 'X, *Xo states of types 0+ and O~ are labelled respectively 
JIpt, (N+, 8No> and 8IIy~, 'X-, *Lo+. The paradoxical notation *Yo~ for *Z 
states of type 0* has arisen because the sign behavior is different exclusive 
and inclusive of spin. (See p. 559. The 0+, 0- classification has a meaning 
only for the component of *& which has Q=0 and which we denote by *2o 
whereas the purely orbital symmetry properties envisaged in the approved 
notation apply to |Q | =1 as well as Q=0.) 

(D) If the nuclei are regarded as fixed attracting centers the combined 
orbital plus spin angular momentum about the figure axis is a constant of the 
motion, 7.e. Q is rigorously what Mulliken calls a “good quantum number.” 

(E) In the absence of external fields the total angular momentum of the 
molecule is a constant of the motion, 7.e. J is a good quantum number. 

There is no interaction possible between states of different symmetry in 
(A) or in (B). This is true even in a magnetic field, as such a field does not 


5 For further exposition of molecular symmetry types and the approved spectroscopic 
notation, which we use, see R. S. Mulliken Phys. Rev. 36, 611 (1930); Rev. Modern Physics 
2, 60, 506 (1930); 3, 90 (1931); 4, 1 (1932). 
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destroy the invariance of the wave equation under the reflections (A) or (B). 
An electric field, however, destroys the invariance and may lead to interac- 
tion. These statements follow since Ye;(x,0/0v;—y,0/0x;) is invariant under 
x —x, yoy, 2-3, whereas Lez; is not. When molecular rotation is ad- 
mitted, the premise (D) of fixed nuclei is not met, and interaction between 
states of different 2 (differing by unity in the first approximation) is possible, 
provided the states have the same J. This is the cause of the usual Kronig* 
rotational predissociation. 

Notation. To facilitate printing, we shall henceforth usually refer to the 
“II,” and *II,* levels as the 1/ and N states respectively instead of using the 
Greek symbols. (Remember which is which by fact ./ stands for minus). 
It is to be further understood that if the molecule is of the symmetrical type 
Xe, the J and N states here considered are odd with respect to symmetry 
(B), t.e., are *ITou~, *ITo,*. 

Magnetic Field Applied to Stationary Molecule. The symmetry property 
(C) is not rigorously maintained under molecular rotation, and so can be used 
only in describing phenomena in which molecular rotation is not vital. The 
magnetic quenching in iodine is essentially a phenomenon of this category. 
The important thing to note is that a magnetic field destroys the property (C) 
even ina stationary molecule, since x0 --- /Ody—y0--- (Ox is not invariant 
under x—>—x, yy, zs. This situation alone is not enough to insure a new 
interaction due to the magnetic field. For instance, a magnetic field does not 
blend 'X~, 'X* pairs, as such states have no Zeeman terms. The states *~, 
3+ have Zeeman terms, but not with inter-connecting elements. On the other 
hand Zeeman amplitudes really do exist connecting levels of the form “II,~, 
‘11+. This will be shown in section 5, and is also fairly obvious from the rough 
model at the end of section 1. 

There is, however, one alternative to the above attribution of the quenching to the pa‘r 
M, N which cannot be overlooked entirely, although it is somewhat unlikely. This alternative 
is that the new interaction due to the magnetic field be between N and a *S,y* state®. We here 
use case a notation for the *S state (i.e., subscript gives 2), which is allowable in icdine since 
the multiplet structure of *E levels is of the same order as the A-doubling in *Il) states, and hence 
large compared to the rotational structure in very heavy atoms. Rotational distortion does not 
cause interaction between the pair N, *Zo, but does lead to interaction of N with *Z, (more 
precisely, after the molecular rotation is added, with the component of *S which has & =1 
and is + with respect to symmetry A when J is even). Usually the various components of a 
5E level are regarded as constituting virtually a single state, and if this is done, this alternative 
explanation of the magnetic quenching will not work, for then the predissociation due to rota- 


tional distortion via *S, will completely overshadow that due to the magnetic predissociation 
via *Xo. Indeed, if we neglect the difference in the shape of the potential curves for *S, and 


3Xo, the former predissociation is of the order g=4B*?J?/*s? times the latter, where B= 
h?/8x°J, 8=he/4amc. With the abnormally large moment of inertia in iodine, g is of the order 
J?/100 in a field of 10,000 gauss, but it is found experimentally’ that the rotational quantum 
number J can be over 100 without any sign of impairing the magnetic quenching. It is just 


possible that in iodine the curves for *Z» and *2, are so widely separated that the Franck-Con- 


6 The magnetic field could also cause interaction between M and *Zo~, and so cause an 
otherwise stable *Z9~ state to decay, but a state of this character is not found in iodine (see end 
of note 4). 
7L. A. Turner, Zeits. f. Physik, 65, 480 (1930). 
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don effects (crossing at a suitable r) happen to be unduly preferential to *L» as compared to 
*Y,, thus greatly handicapping the rotational predissociation. The whole alternative considered 
in this paragraph seems particularly unlikely in that the M, N curves are naturally fairly close 
for a large range of values of r, whereas *Zy)*, N would be near only accidentally, and then 
presumably only for a particular value of r. In favor of the alternative, on the other hand, must 
be balanced the fact that the *X»9* and N levels undoubtedly do cross, whereas we shall see 
that M and N can be made to cross only with rather artificial hypotheses. The crossing of *Zo* 
and N is a consequence of the Mulliken-Hund configuration theory, which indicates that 
8Yo* is higher than N at small 7, but lower at r= & as it is derived from *P3;2+?P3/2. on account 
of being the second lowest 0,~ level. It appears impossible at present to determine the value 
of r at which this crossing takes place; if it is greater than about 5 A.U. it is clearly too large 
to cause appreciable predissociation (cf. Fig. 1). 


It is to be noticed that in any case the magnetic quenching must be at- 
tributed to interaction between a pair of states of the form 0~, 0*. In quintet 
spectra, for instance, *Ag*, ‘Ag~ would be a possible pair. Whether in the par- 
ticular case of iodine the members of the pair are both ‘Il or one each *2p, 
‘IIy is in a certain sense a rather meaningless question, for in molecules as 
heavy as iodine, A ceases to be a good quantum number, and there is no sharp 
dividing line between the *IIg and *Zo states. 

Magnetic Field applied to Rotating Molecule. With molecular rotation, sym- 
metry (C) is lost, and the behavior is as shown in Fig. 2, since 0* states are 
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Fig. 2. 


+ or — as regards symmetry (A) according as J is even or odd, while the re- 
verse is true of 0-. The matrix elements proportional to the magnetic field 5 
in the Hamiltonian function are exclusively of the form AJ = +1 since AJ =0 
disappears on account of Q’=Q’’=0 (cf. also p. 562). These elements are 
shown by dotted lines in Fig. 2. Hence the field is able to blend the *IIl* and 
‘II~ (or §Xo*) states. On the other hand it is very vital that rotational distor- 
tion cannot blend this pair, for the rotational perturbative elements are by 
(A) and (E) exclusively of the form +—+ or ——-—, with AJ =0 and hence 
cannot appear in Fig. 2. The important thing is thus that the magnetic field 
breaks down the “J rule” (E), whereas the rotational effects do not. 

Absence of Primary Effect in Ilomogeneous Electric Fields. The unique role 
of the magnetic field is evidenced not only by this absence of the ordinary 
Kronig rotational predissociation, but also by the fact that a homogeneous 
electric field cannot cause the predissociation in question unless exceedingly 
powerful. This feature seems rather necessary, for otherwise the inevitable 
stray electric fields might give considerable predissociation even in the ab- 
sence of the magnetic field. To see that a uniform electric field cannot intro- 
duce direct interaction between the *Il, components, in a homopolar molecule 
such as Ie, we need only note that such molecules have no permanent electric 
moment, and so the potential due to an electric field can only introduce matrix 
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elements connecting two different orbital electronic configurations, whereas 
the two components of *II) belong to the same configuration. Uniform electric 
fields are likewise ineffective even in heteropolar molecules such as ICI. To 
prove this, we note that here the permanent electric moment is parallel to the 
figure axis and so has exclusively elements of the form AJ = +1; further the 
potential Ye,z; is odd as regards reflection (A) and so there can only be ele- 
ments connecting states of unlike + — symmetry (A). Thus the matrix 
elements of the permanent electric moment are represented by the solid 
rather than dotted lines in Fig. 2 and so do not connect the two doublet com- 
ponents. There can, however, be electric predissociation when we consider 
the secondary rather than primary effects of the field E, which means the 
part of the predissociation proportional to E* rather than E*. The reason is 
that the second approximation in any perturbation calculation introduces as 
new matrix elements the products of the matrix elements calculated in the 
unperturbed system. A product such as a(n,J;n/J+1)b(n’J+1:0n,J+1), 
for instance, can then give a predissociating effect, as a, b can be elements 
connecting two different electron configuration », n’, and so can be of the 
form AJ =0 (Q’#0) as well as AJ = +1 and furthermore need not vanish in 
homopolar molecules. Moreover, if the electric field is not uniform the elec- 
tric potential is not linear in the coordinates and so all the preceding con- 
siderations fail. Hence there can be a predissociating effect by sufficiently 
inhomogeneous fields even in the first approximation. 

It is quite satisfactory that the predissociating effect of electric fields, 
especially the inhomogeneous ones, does not disappear completely. Indeed, 
Turner® finds that the iodine fluorescence is greatly diminished by admixture 
of argon as a foreign gas. The first excited state of the argon atom is so high 
that there can be no possibility of energy transfers in which argon atoms are 
excited, and the results can only mean that the intense and highly inhomo- 
geneous electric fields from the argon atoms at the time of collision introduce 
new matrix elements which permit predissociation. Essentially this point has 
been emphasized by Turner.® He finds further that the critical primary fre- 
quency region in which the fluorescence is quenched isapproximately thesame in 
quenching by argon as in quenching by a magnetic field,® showing that the pair 
of states involved in the predissociation is presumably the same in both cases.!" 

8 L. A. Turner, Phys. Rev. 38, 574 (1931); cf. also J. Kaplan, ibid. 38, 1079, 1792 (1931), 
F. W. Loomis and H. G. Fuller, ibid. 39, 180 (1932) (abstract). 

® M. Eliashevich, however, apparently finds less sensitivity to the frequency of the primary 
source than does Turner. See Phys. Rev. 39, 532 (1932). 

10 It is not the purpose of the present paper to discuss the general subject of predissocia- 
tion due to electric fields, but we may note that the important new interactions introduced by 
such fields are probably usually either blending of « and g states in symmetrical molecules or of 
0- and 0* states in symmetrical or unsymmetrical ones. Interaction between most other 
pairs of states can arise from rotational distortion without the necessity of external fields. It 
is often mentioned that external fields intermingle states of unlike J, but this effect is im- 
portant only insofar as it blends electronic states not otherwise interacting (cf. dotted lines 
in Fig. 2). Unless we care to differentiate between different predissociation rates for different 


rotational members, the disturbances must be expressible in terms of a breaking down of the 
classifications (B), (C), (D) without invoking (A) or (E). 
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3. FURTHER DISCUSSION OF MAGNETIC PREDISSOCIATION 


Dependence on Field Strength. The rate of predissociation is proportional 
to the square of the interaction matrix elements (cf. section 5). Since these 
are linear in the field strength §, the probability that a molecule in the N 
state dissociates via the / state is }?, where 0 is a constant, while we shall 
let a denote the probability factor for a radiation transition from N to the 
normal state. The fractional amount Q by which the resonance radiation is 
quenched is thus 

O = 6H*/(a + bH?) (1) 
since this is merely the ratio of the number of predissociating molecules to 
the total number leaving the N state either by radiation or predissociation. 
The form of dependence predicted by (1) should be capable of experimental 
verification without undue difficulty. 

Shape of \l and N Potential Curves. Unfortunately it is impossible at pres- 
ent to predict except in a qualitative way how the amount of quenching 
should depend on the frequency of the incident light. Accurate predictions 
would require, for one thing, exact knowledge of the form of the potential 
energy curves for the ./ and N states. Actually the ./ state, which theory 
tells us must be not far from N, is not observed spectroscopically at all. How- 
ever, this is not surprising, since a radiation transition from ./ to the normal 
state would be of the form 0~-—0* and so is forbidden regardless of the mag- 
nitude of the spin-orbit forces."' A state discovered by Brown™ which he 
thought might conceivably be ./ is undoubtedly *II,. The constants of the N 
level are known quite well, and this level is found to arise from the union of 
atoms in *P3;. and *P/. states, in accordance with theory, whereas the 1/ 
level very probably arises from two atoms both in *P3,s (ef. Fig. 1). The doub- 
let width for the *P configuration of the iodine atom is .94 volts, with *P3,2 
deepest, and this width is doubtless sufficient to make N stable and J/ un- 
stable at ordinary values of the inter-nuclear distance r (cf. Fig. 1). Although 
the separation of the 7, NV curves is .94 volts for r=, it is doubtless much 
smaller when ¢ is near the usual values. In fact, appreciable predissociation is 
possible only if the potential curves come close together. The general theory 
of A-doubling in “ITp states ($4) shows that the separation in question should 
be not more than of the order a?/hv(II, 2) provided the molecular binding is 
large compared to the usual constant a of the atomic spin doublet. In iodine 
the constant a has the value 5067 cm,~ and so this upper limit is roughly of 
the order 10* cm~' if we assume that the II— 2 separations are about 2.5 X 10* 

" See R. Schlapp Phys. Rev. 39, 806 (1932). The transition 0- —0* is no longer rigorously 
forbidden if the correction for rotational distortion is important, as then the classification (C) 
of section 2 is lost, and a Q (but not P or R) branch can appear. This correction is, however, 
insignificant for molecules as heavy as iodine. 

2 W. G. Brown, Phys. Rev. 38, 1187 (1931) (I,); ibid. 38, 1179 (Br2). Brown originally 
rejected the “II, assignment to his new level in I, and Br: because it would yield a tremendous 
disparity in intensity between '>—‘*IIp and '—*Il,. As we outline above, this disparity is, 
however, to be expected for inter-system combinations, and Brown himself has recently pro- 


posed the *II, classification (see paper by Brown and Gibson in this issue). 
13 F, W. Loomis, Phys. Rev. 29, 112 (1927); also W. G. Brown, ibid, 38, 709 (1931). 
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cm~'. In Fig. 1, reproduced from one of Prof. Mulliken’s papers, the 1/7, V 
curves are represented as practically coincident when the inter-nuclear dis- 
tance is sufficiently small. This may not be correct, as they pass over into 
two components of a spin multiplet when one collapses the molecule into the 
“united atom.” However, it has not seemed advisable to redraw the curves 
to show the finite separation of the 1/7, N curves at small distances, as the 
precise amount of the separation is so uncertain. It is quite possible, and 
rather necessary for our predissociation theory, that in the vicinity of some 
critical value of r the separation be much smaller than the above upper esti- 
mate 10% cm". 

Do the M and N Curves Cross? In the usual forms of predissociation one 
deals with levels whose potential energy curves cross. It is possible that the 
M and _N states in iodine actually do cross. These states have different sym- 
metries, and so this is not precluded by the “non-crossing” rule for the roots 
of an irreducible secular determinant. If more were known about the location 
of all the energy levels, both stable and unstable, of the iodine molecule, it 
might be possible to decide theoretically whether or not the two levels do 
cross. Some of the mathematical analysis connected with this point, 7.e. the 
sign of the A-doublet, will be given in sections 4 and 6, and leads to the gen- 
eral conclusions stated in the next paragraph. 

The two doublet components coincide when we neglect the spin-orbit in- 


teraction. The 1J component is unaffected by '~,,*, *X,~, or by g levels, is de- 


pressed by higher ',~ or *2,* , and elevated by lower 'Y,~ or *X,* levels. 
Similar remarks apply to N if the plus and minus signs are everywhere inter- 
changed. Even without appealing to the mathematical analysis to be given 
in sections 4+ and 6, these statements are fairly obvious consequences of the 
fact that spin-orbit action exists only between states of the same Qand (if 
Q =0) of like symmetry (C), section 2, and that interaction between two levels 
has the effect of separating them further. In this connection one must re- 
member that *Xo~, *Xo* are really 0*, O- states. 

When one applies the foregoing rules to iodine, one is tempted to first as- 
sume that the important spin-orbit interactions are those between states 
which are derived from the normal atomic configurations *P+°P inclusive 
of the various multiplet components. The JN level is the only 0,,* state so de- 
rived and is hence undisplaced by such interactions. On the other hand there 
are three 0,~ states so derived in addition to the ./ state viz. one 'Y,~ and 
two *Z,,+ states. If Wis to cross above N when r becomes sufficiently small it 
is necessary that one of these three states lie below .\/ in energy and that its 
interaction with WM elevate J more than MV is depressed by interaction with 
the other two of the three states, presumably because of closer proximity. 
These other two must be above V/ in energy because only two of the four 
0,~ states are derived from *P3,2+°P3,2, and because .V is so derived by our 
interpretation of predissociation. The other two 0,~ states are derived from 
*Piot?Ps)2, *Piet+*Pi2 (one each) and so must be above V/ by the non- 
crossing rule. 

Existing data do not seem adequate to decide whether there really is a 
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(),, state below ./. If there were such a state, it might easily escape detec- 
tion, as it could not combine spectroscopically with the normal state or with 
the NV level since 0° —0* and «—w transitions are both forbidden.“ However, 
the study of electron configurations in the way developed by Mulliken and 
Hund,” makes it exceedingly doubtful if there is any O~ state more firmly 
bound than *II9~. 

In case V/ is the lowest 0~ state, one can still obtain the desired crossing 
if one assumes that the JN level is strongly depressed by spin-orbit interaction 
with 'S,* or *S,~ levels derived from excited iodine atoms, i.e. from a pair 
of iodine atoms of more energy than ?P+?P. The word strongly is inserted 
because V would need to be more displaced by this interaction than M is by 
interaction with levels derived both from *P+?P and from excited atoms. 
For this reason, such an attempt to obtain crossing would appear rather forced 
were it not for one fact; viz. that the bands 'L,+—N involved in the fluo- 
rescence are inter-system combinations. Such combinations exist only in virtue 
of the failure of S to be a good quantum number, so that singlet and triplet 
states begin to share properties. Furthermore it seems altogether probable 
that in iodine the inter-system radiation is due to the incipient singlet char- 
acteristics of N rather than incipient triplet properties of the normal level." 


4 Tf the O~ state is *X»* it must, however, be remembered that one of the other com- 
ponents *>,* of the same multiplet can combine with! =*. 

' See the most illuminating figure given by Mulliken on p. 40 of Rev. Modern Physics, 
vol. 4. In the instance of F2, the ten 2p electrons of the separated atoms undoubtedly pass over 
into his molecular configuration xo*wz'yx' in the case of the !Z, state, and xo*wzr'yr*uo in that 
of *I1, (or 'Il,). Reference to this figure shows that the 2, configurations would have to be of 
the form xo*wz*vx*uo? or xowr'vr'ue both of which represent higher energies than “Il, as they 
yield “more promoted” configurations of the united atom. Similarly one finds that all the >, 
configurations except the normal state have higher energies than *II,. Another figure (no. 44) 
of Mulliken’s article can be used in the case of unsymmetrical molecules like ICI, and here also 
the indications are that '2* is the lowest 0* state, with *IIo* next above, whereas “Ilo is the 
lowest 0~ state. Hence in the secular determinants of section 6, one is presumably justified in 
supposing that the lowest 0* level is derived from *Po+?Pe, with *Ilo* from *Po+?P7 next 
above, while the lowest 0~ is *Ilp~ derived from *Po+?Pzx, provided the spin-orbit corrections 
be neglected. Here the notation *Po means that the isolated atom has L=1, A= ZA=0. It is, 
of course, possible for a '=* configuration to arise from *Px+?Pzx, but it would be one of higher 
energy than that from *Po+*Po, as it would entail the electron assignment xo*wr'yr*uo* or 
some still higher configuration. This is on the assumption that the atomic state is of the form 
p®, so that *Px and *Po furnish respectively three and four w electrons. However, the result 
that ?Po +°Po is below *Px+?Pz also holds for p+ ) as well as p+’, for the assignment xo? 
is tower than wz?. Mulliken’s figures are explicitly for 2p orbits, whereas in iodine they are 5), 
but the results on the relative positions of states are the same in both cases, as the underlying 
qualitative arguments are the same. 

16 This does not necessarily mean that the normal state interacts less strongly with triplet 
states than does N with singlet levels. The reverse could even be true without contradicting 
Brown's results if the incipient triplet characteristics of the normal state are acquired from a 
triplet level which does not combine intensely with N as regards radiation transitions, and if 
at the same time the incipient singlet properties of N are acquired from a singlet level which 
radiates very intensely to the normal state. In this connection it is well to remember that in the 
limiting case of nearly isolated atoms, which may be a fairly good approximation in iodine, 
radiation is forbidden between molecular levels derived from the same dissociation products, 
as the Laporte rule for isolated atoms is then a good approximation, and this prohibits transi- 
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Particularly strong evidence to this effect is furnished by the work of Brown. 
He finds” that in I, the transition 'Y,+—*2), is very much less intense than 
\\,*+—N, the difference being greater than can be ascribed to diversity in 
Franck-Condon relations. If the inter-system radiation were due to incipient 
triplet characteristics of the normal state, one would expect these two transi- 
tions to be of the same order of magnitude in intensity, whereas they could 
differ greatly if this radiation is due to incipient singlet properties of *II,, 
and NV. Namely, since spin-orbit coupling is diagonal in Q, the singlet tend- 
ency of *II,, comes from robbing a 'Il, level, while that of N comes at the ex- 


pense of 'Y,*, and so may be entirely different from that of the former in 


order of magnitude, especially if 'Il,, and 'Y,* have widely different energies 
or moments of inertia. If the so-called D state of the iodine molecule!® (too 
high to show in Fig. 1) is of the form !2,*, it would have just the desired de- 
pressing effect on N, although this interaction might prove too faint on ac- 
count of the wide energy separation of N and D. At any rate the great inten- 
sity of the visible iodine bands shows that there is surely some higher singlet 
level which strongly perturbs 'V. Possibly this perturbing level is unstable 
and so does not show up at all in the ordinary spectral analysis. 

It is conceivable that the magnetic predissociation via ./J might be suffi- 
ciently intense even if the 1/, NV curves do not cross but instead are very close 
to each other and sensibly parallel for a considerable interval of r values. It 
is hard to determine quantitatively how close the curves would need to be but 
doubtless the separation would have to be much less than the upper limit 
10° cm~ previously estimated. The Franck-Condon principle of course pre- 
cludes an appreciable predissociating interaction between states whose po- 
tential energy curves are not very close to each other. It is this fact that, 
for instance, explains why the N state does not predissociate due to rotational 
distortion without a magnetic field. There are two 1, states (i.e. states having 
Q=1 and odd with respect to symmetry B) derived from ?P3..+?Ps.. One 
of these levels, viz. *II, has already been mentioned and falls so far below N 
that it is unstable when its vibrational energy is sufficient to equalize its 





tions within the same atomic configuration. Thus the visible halogen bands might very easily 
owe their intensity to spin-orbit perturbations from levels derived from excited electronic levels 
of iodine, too high to show in Fig. 1. In particular the D level would be apt to be an important 
perturber as regards the radiative but necessarily energetic properties of N, since D dissociates 
into one normal iodine atom and one excited atom in the upper state of the intense atomic iodine 
resonance line. 

17 W. G. Brown, /.c." He further informs the writer that the disparity in intensity in favor 
of N is less pronounced in IBr and BrCl than in Brz and kh, while in IC] ! © —*Il, is more intense 
than '»—N. Such variations from molecule to molecule are not disquieting, as diversity in the 
location of states and in the multiplet constant may make the spin-orbit perturbations widely 
different. Also the Franck-Condon effects may vary. 

18 Cf. Weizel, p. 381 of “Bandenspektren” vol. of Wien-Harms Handbuch. Weizel’s energy 
level diagram also shows the so-called B state less than one volt above the normal level. This 
state was proposed by Pringsheim and Rosen (Zeits. f. Physik, 50, 1, 1928) but its existence has 
been seriously questioned by Sponer and Watson (ibid. 56, 184 (1929)). Even if there really is a 
B state, it is of no particular interest for us, as it is a g level, and so cannot perturb the M or N 
levels. On the other hand the D state is known to be of the u type. 
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total energy with that of the lowest vibrational member of N. Hence the N 
state could predissociate rotationally via *II, except in so far as the intensity 
of the effect is reduced by the separation of the potential energy curves. In 
general, reduction from this cause must be very important as otherwise mole- 
cules would have excessively few stable excited states. 

Variation of the Magnetic Quenching With Frequency of Incident Beam. 
This variation can easily be understood in a qualitative way. The sharp cut-off 
on the low frequency side is clearly due to the fact that unless the molecule 
is excited to an N state with a considerable amount of vibration, it will not 
oscillate with sufficient amplitude to traverse the portion of the NV curve near 
the .V/ one (cf. Fig. 1). Turner finds that the cut-off on the high frequency side 
is not nearly as sharp as that on the low . (His experiments on the high side 
are not very comprehensive and merely show that the quenching is somewhat 
diminished if the frequency is raised above about 19,000 cm). This blunter 
cut-off on the high side is readily comprehensible if the ./ and N states really 
do cross, for, as 7 is diminished, they probably do not separate as rapidly after 
crossing as they come together before crossing. This follows from the fact 
that for fairly small 7 the separation is not more than of the order 10° cm=! 
previously estimated, whereas for r= the separation is the doublet inter- 
val 7.6X10* cm of the iodine atom. If the predissocation is due to close 
proximity rather than crossing of the curves, one at first thought might not 
expect the quenching to be diminished at all on the high frequency side. How- 
ever, as pointed out to me by Prof. Mulliken, too much vibration might aug- 
ment the time the molecule spends on the right side of the N potential curve 
at the expense of the left side where the predissociation effects are important. 
This situation is conceivable, as the left side of the curve is much steeper than 
the right (cf. Fig. 1). 

Possibility of Magnetic Predissociation in Other Molecules. As far as I am 
aware this type of predissociation has not been reported or probed in other 
molecules than iodine.'® Clearly it should be expected whenever one of the 
M, N states is stable and the other unstable, provided these states cross or 
are very close for certain values of r. In general, the effect is less probable for 
lighter atoms than for Iy, as the spin-orbit interaction may easily become too 
feeble to be the deciding factor between stability and instability. Examina- 
tion of the potential curves *° for Brz and Cl: shows that only the higher 
vibrational members of N in Bre, and the almost dissociated members in Cle, 
have greater energy than *P3,2+°Ps3;2, and so overlap the continuous rather 


19 It is found that the band fluorescence of mercury excited by a mercury lamp is altered by 
application of a magnetic field (Franck and Grotrian, Zeits. f. Physik, 6, 35 (1921); H. Niewod- 
niczanski, ibid. 55, 676 (1929); also unpublished thesis of F. Studer at Wisconsin). This, how- 
ever, is probably a different effect than the one which we are considering. The usual interpreta- 
tion of the behavior of mercury is that the Zeeman effect on the hyperfine components of 2537 
affects the ability of mercury to absorb its own radiation by displacing slightly the absorption 
frequencies in the field relative to the emission frequencies of the lamp not situated in the field. 
The bands are interpreted as radiations of molecules formed by union of an unexcited mercury 
atom with an optically excited *P atom. 


20 Cf,, for instance, R. S. Mulliken, Rev. Mod. Phys. 4, 17 (1932). 
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than discrete levels of 7. Only such members should exhibit the magnetic 
predissociation, but no experimental data are available. 

Likewise no magnetic data are available for molecules such as ICI, IBr, 
etc. formed from two different ?P atoms. Here the theoretical situation is 
particularly interesting, as one no longer has the u-g distinction (B of section 
2) and so symmetry considerations no longer preclude NV being derived from 
the lowest dissociation product *P3 .+?P3 2. In fact it is quite probable that 
for ordinary values of 7 the NV state is really one of the two lowest 0* states 
and so is derived formally from ?P32+?P3., for the latter combination 
yields two 0* states now no longer specialized to 0,*. Nevertheless according 
to measurements of Brown and Gibson"! given elsewhere in this issue, vibra- 
tional extrapolation for the NV level in ICI yields a heat of dissociation cor- 
responding to *Pj,o(Cl)+?Ps; (1). As noted by Brown and Gibson, this 
paradox can be explained by supposing that the potential curve has the shape 
shown in our Fig. 3 or their Fig. 4. If I is the ordinary vibrational region, then 






: Pall) +P, Ci) 


I “Py +'Py 


clearly the usual extrapolation will follow I+1V rather than I+11. It is not 
unreasonable that there should be a peak in the curve as shown in Fig. 3. Let 
us suppose that the secular determinant factors if certain matrix elements are 
neglected. If then N and & belong to different factors, their potential curves 
can cross, and be approximately of the form I-IV and II-III. If now these 
matrix elements are reintroduced there will no longer be any factoring, and 
the “non-crossing rule” will apply, making the curves of the shape I-II and 
I1I-IV. As emphasized by Hund,” the correlation I-I] and III-IV is a purely 
formal matter as long as the separation at a in Fig. 3 is small, for then the 
characteristic features of I are really continued more along IV than II. Es- 
sentially this principle is utilized in Brown and Gibson’s article, but it does 
remain to verify, explicitly, and this is our only new contribution, that the 
secular determinant really does factor under reasonable simplifying assump- 
tions. Mathematical analysis relating to this point will be given in section 6, 
where the secular determinant will be set up explicitly. It will there be shown 
that the NV and & curves for molecules derived from *P+°P’ really do cross if 
we neglect certain matrix elements which would vanish were the atomic A’s 


21 The writer is indebted to Dr. Brown for communication of results in advance of publica- 
tion in this issue of the Physical Review. The N state in our notation is the same as the C level 
in Weizel’s. Its dissociation products are often erroneously given in the literature (e.g. Weizel, 
l.c.1§) as ?P30(Cl) +2P;2(1) rather than 2P3/2(1) +?P;/2(Cl). 

2 F, Hund, Zeits. f. Physik, 52, 691 (1929). 
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rigorously good quantum numbers. It may be mentioned that when the cross- 
ing is destroyed by including all elements, molecules vibrating in the region 
I are unstable, in principle, because of the possibility of leakage through the 
peak out to the region II, giving a predissociation similar in mechanism to the 
well-known quantum theory of radioactive disintegration. However, both 
theoretically and experimentally the predissociation due to this cause is 
small. The experimental evidence is that Brown and Gibson find the levels of 
the MV state do not “fuzz” unless their energy is greater than the peak a in our 
Fig. 3 (cf. especially their Fig. 4). The importance of all this for us is that 
there is thus the possibility of a magnetic predissociation effect in ICI if the 
M curve (not shown in Fig. 3) crosses or nearly coincides with the N one 
somewhere in the region I. Without the anomalous peak there could be no 
magnetic predissociation, as both \/ and N have the same formal dissociation 
product ?P3,2+°Ps3,2 and hence the same degree of stability except for the 
anomaly.”* 

The preceding discussion has all been for molecules derived from the 
atomic configuration p* *P+p* *P. For molecules derived from p?P1,2+p?Pi/2 
the situation is somewhat different as the atomic multiplets are regular and 
the lowest dissociation product is ?P;2+?P; 2. Now with symmetrical mole- 


cules ?Pj2+°Pi)2 and *P1,2+*P3,2 each yield one 0,~ term, and *P32+?P3)2 
yields two, while *P1,2.+?P3 2 gives the sole 0,*. Hence the 1/ and N states 
will dissociate into different atomic multiplet components (a necessary but 
not sufficient condition for magnetic predissociation) provided ./ is not the 
second lowest 0,~ state. Configuration theory shows that .V/ is very probably 
usually the lowest rather than second lowest, such level.** In molecules de- 
rived from *S+?P (HI etc.) the 1 and N terms will dissociate into different 
multiplet components provided the order of energy levels is '=*+<*II <*=* 
or *X*+ <1 <'!Z+. This follows since *S+?P 12, ?S+?P32. each yield one 0* 
and one 0- level. 

It seems impossible to say at present whether or not the iodine molecule is 
a fortuitous case involving closer proximity of the J and N components than 
usual for heavy molecules. If it is, the magnetic predissociation may not be 
observable in other molecules mentioned above which permit the effect in 
principle. 


23 Dr. Brown informs the writer that the same predissociation phenomenon is found in IBr 
and BrCl as in ICI and that the mode of dissociation of N and “Il, is similar in all three mole- 
cules. He will publish details in the near future. 

*4 See Fig. 43 of Mulliken’s article.“ According to the calculations of Bartlett on 2p+ 2p, 
the *&,,* level is the lowest and M the next lowest 0,,~ state (Phys. Rev. 37, 507; 1931; note cor- 
rections given in Phys. Rev. 38, 211, footnote 11 and p. 225). The reason for this disparity is 
probably that for the actual equilibrium values of r in stable molecules Bartlett's method of 
approximation based on the Heitler-London method and hydrogenic 2p wave functions may be 
insufficient, while for large values of r the curve for uo should be drawn somewhat lower than 
in Mulliken’s Fig. 43. Then M would still be the lowest u state at the usual values of r (about 
¢=.75 to 1.5 in Fig. 43) in stable molecules. 
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4. THeory OF A-DOUBLING IN *IIp STATES 


In a previous paper * the writer considered A-doublets in “Ip states. These 
doublets are due to spin-orbit interaction in heavy atoms and hence different 
in origin from the usual A-doublets due to rotation distortion in states having 
Q0. We shall now extend the theory by examining the sign of the doublet 
separation and specially shall show that the expression for the magnitude of 
the separation given in the earlier paper was incomplete because it omitted 
the interaction of ‘II with !X, *S states, keeping only that with *X states. We 
shall defer until section 5 inclusion of an external magnetic field. 

It will be sufficient to consider as usual the spin-orbit interaction to arise 
entirely from the coupling of each spin to its own orbit, vielding the well- 
known energy expression 


1 dV 
H = Soail, Sj. («. => ‘ ), (2) 


2m*c? or dr 


Our previous omission consisted in following the customary procedure of 
replacing (2) by AL-S, which is tantamount to retaining only matrix ele- 
ments connecting states of like S and L. This, however, is not allowable for 
our purposes, as the A-doubling is a second rather than first order effect in 
the spin-orbit couplings, so that other elements are comparable in final im- 
portance with the usual ones. 

Let us start with an initial system of representation (not at all the correct 
final one) in which one of the two “IIo states, say a, has A= +1, © = —1, the 
other, b has A= —1, © = +1. This we shall call the a, b representation. The 
transformation matrix for the perturbation problem associated with (2) is 
to a first approximation S=1-+.S, where 


> 


Si(aa’) = — —— (3) 
hv(aa’) 

with a=a or b and a’ =", *Xo, *Zo, *Wo’(# Mo), Wo, or Ag inasmuch as the 
matrix elements of (2) are easily seen to be entirely of the form AQ=0, 
AS = 0,+1, AA =0,+1, AY =6,+1. The Hermitean property makes 
IT(a'a) = H(aa’)*. To obtain the energy to a second approximation one must 
solve the secular problem connected with the transformed Hamiltonian func- 
tion J7’=S-U7S. If we neglect third order terms, one finds that the determi- 
nantal equation of this is 


Wo + H’'(aa) —- W H'(ab) . y 
= ( 
H' (ba) Wo + A’(bb) — W 


H'(xy) = Doe 


The important thing to note is that H/’(ab) #0; in other words the second ap- 


where 
H( xa’) H(a' y) 





~ (x, v = either a or d). 
hv(aa’) 


% J. H. Van Vleck, Phys. Rev. 33, 467 (1929), especially section 7. See section 4 of this ref. 
for somewhat fuller exposition of the perturbation techniaue which we now use. 
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proximation removes the initial identity of energies for a, b and so leads to the 
secular equation (4). This degeneracy was not removed in the first approxima- 
tion as H/(ab) 0 would require AA= —AZ =2. 

Before writing down the solution of (4) explicitly it is necessary to exam- 
ine the phase relations between J/'(aa’) and H’(ba’). These are as follows 


H(a;'Z*)=+H(b;'=*), H(a;3X*)= F H(b;*=*), 
H(a;5S*)=+H(b;5=*), H(a; Xq)=H(6;X,), (5) 


where X,, X, are the components of a *II’, Io, or °Ao “A-type-doublet” in the 
a, b representation. To obtain these results one notes that reflection in a plane 
containing the figure axis (operation C of section 2) reverses the sense of 
rotation about this axis and so interchanges the wave functions y, and y, 


if the arbitrary phases in these functions be properly chosen. Furthermore the 
Nv 


operator corresponding to (2) is even under this reflection. If a’ is a = state 
one sees by making a change of variables corresponding to the above reflec- 
tion that the matrix element J/(aa’) = fY.*IIf_'dr is identical with I(ba’) 
or else the negative thereof according as y,’ is even or odd under the reflec- 
tion. Here the integration is to be understood to include the spin summation, 


and it is necessary to reflect the complete wave functions inclusive of the spin 


parts. In the approved notation =+, =~ the superscript gives the symmetry 


under a reflection of merely the orbital portion. When the spin is included 


the symmetry of *2 is reversed. This is because the spin functions for the 


states 'S,°X» are even, while that for *X» is odd under the reflection. 


These properties of the spin functions can be implicitly seen for triplets from the case (a) 
case (b) correlation diagrams given by Mulliken. It is perhaps illuminating to verify them 
explicitly for a two electron system, where these functions are 


5(3; 01)5(3; 02), 2-¥/2[8(— 4, 01)6(3; 02) + 6(4, 01)8(— }o2)], 5(— 4, 1) 8(— 4, 02), (6) 


corresponding respectively to >= +1, 0, —1. The upper and lower signs give S=1, and S=0 
respectively, and o, is the component of spin of electron 1 in the direction z of the axis of figure. 
A reflection in a plane containing the axis of figure can be regarded as a reflection in the origin 
followed by a rotation through 180° about the x axis. Now reflection in the origin does not 
change the sign of any of the three Cartesian components of angular momentum and so may be 
regarded as leaving the spin wave functions invariant. On the other hand one verifies from the 
usual Cayley-Klein transformation scheme?’ obeyed by the spin that the above rotation re- 
places 6(+3,¢) by—1(6+ 43,0) making (6) exhibit the sign behavior noted above. The extension 
of the proof to include quintets and configurations with more than two electrons can be ob- 
tained from the general theory of the transformation coefficients of the rotation group.”* 


From (5) it follows that H’(aa)=J/'(bb) and that the roots of (4) are 








(| H(M1o;*E*) |? | W (M9; 8EF) |? 
"(371,+) = Wo’ + > —— meneame 
ee ey oe \ hw(Tlo; 2) fv(ly; 83%) 


| H (Ilo; 8S) | ) 
hv(Mo; 3+) §° 


2% R.S. Mulliken, Phys. Rev. 36, 1444 (1930). 
27 Cf., for instance, Eq. (8) of ref.> with @=z, 2=0. 
28 See F. Hund, Zeits. f. Physik, 63, 722 (1930). 
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Here Wy)’ = Wot>, IT(i1o,-X) ? hv@llo,:X) (with X defined as after (5) ) is 
a term common to both roots, and the upper or lower sign is to be read con- 
sistently. The summation is over all the electronic states of the various types 
indicated after each semicolon and is inclusive of the various vibrational 
members if we care to allow for the vibrational structure (Franck-Condon 
effects) which we have not done explicitly. In symmetrical molecules the 
elements // will vanish for u-g transitions. In (7) we have classified the roots 
according to their symmetry under reflection (C). The correlation is as given 
because the transformation matrix connected with (4) has the elements 

S(a; 1) = $(b; 1) = S(a: IT) = — S(6; ID) = 1/2!” (8) 
and with our choice of phases y, +W, ¥. —W» are respectively even and odd, 
so that I, I] mean +, —with respect to (C). It is clearly to be understood that 
although (7) gives the energies in the ultimate, even-odd representation, 
the matrix elements on the right side are to be calculated for the initial a, ), 
representation. 

The difference W(@II,*)—W@€Ilo~) is, of course, the width hAv of the 
A-doublet. When one takes into account the different possible signs of the 
denominators, one is led to the statements regarding sign and the depressing 
and elevating effects on the different components given on p. 552. 

Explicit Calculations. lf there are only two electrons not in closed shells, 
one may calculate the matrix elements of s;, s2 from (6) and the properties 
of the spin operators. Using the phase relations between /, and /, character- 
istic of an axial field, one finds that then 

H (8119; °=9S) = 2-2 [ay (11; *"S) + aele.(311; 2*"2) | 
with the z axis taken as that of figure. This relation is quite general for two 
electron systems, as it only supposes S, Y, and A to be good quantum num- 
bers, but is not particularly helpful, since the matrix elements of J), J. are 
unknown except with special models involving in each case some rather 
drastic hypothesis. 

One such hypothesis is that the two electrons may be considered in so nearly a central 
field that their individual and resultant angular momenta /;, /2, L are all good quantum num- 
bers. The matrix elements of /),,/:, for this model in the a,b, system of representation can be de- 
duced by non-commutative algebra®’ or by proper adaptation*® of the Kronig intensity rules 


(with phases inserted) and have been tabulated by Johnson.*' One finally finds that (7) gives 


wews4 laf(Lhb) + af(Lht)P LL + 1a + a)*F(L + 15h, b) 
aliasing hv( LM; L 2= 13) hv( L301; L + 12 #13) 


L(L + 1)(a + a2)*F(L, h, bh) (9) 





h(LM; L— 12s) 
with the abbreviations si 
L(iL+1 Lil 1) — L(i. + 1 
f(Lh, hk) = wae +) thG + ale + 1) 
. 4(L? + L)!/2 
(ls + t= LYNG +2+4+14+L1)\(L—-)4+h)(L+h -—h) 
16L°(2L — 1)(2L + 1) 


29 Giittinger and Pauli, Zeits. f. Physik 67, 743 (1931). 

3° See p. 170 of the writer’s “Theory of Electric and Magnetic Susceptibilities” for resumé 
of how this can be done. 

tM. H. Johnson, Jr., Phys. Rev. 38, 1628 (1931); Eqs. (3), (4), (5), but replace J, L. S by 
L, l, l, to adapt to our problem. 





’ 





F(L,h, lL) = 
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The first index of v in (9) gives the value of L, and **' means *S etc. The +, — superscripts 
for the = states have been omitted but for any given value of L, /;, 2, they can be determined 
from the Hund?’ rule that with the present model the orbital wave function for a ¥ state of 
azimuthal quantum number L is even or odd under reflection (C) according as L —];—/, is 
even or odd. This shows that the upper choice of sign in (9) (not to be confused with the upper 
choice in (7)) yields W(*Ily*) or W@Ily~) according as L+1—1,—/, is even or odd. Eq. (9) is 
valid even when the electrons are equivalent; the members then representing transitions to 
non-existent states vanish in virtue of a; =a». 

Another model which can be used is that in which the individual \’s and I's of the electrons 
are good quantum numbers. Let us suppose that all electrons but two are in closed shells, and 
that the II state is of the type m,xm.o°ll. If the two electrons are not equivalent, i.e. m,; # me, 
one finds from elementary construction of the wave functions that 


all; + 1) + all, + 1) 


Shv(@ll; momes 24°27) Shy CI; myrmer? tS *) 


a27I,(l, > 1) J 


ShvQ@Il; marmer 2='E7) o 





W (Ilo) = Wo’ + [ 
(10) 








If the two electrons are equivalent the complete bracketed expression should be multiplied by 
a factor 2 and the terms discarded which would involve non-existent states. The latter states 
are o?°Z*, x?!Z-, x? 8E* if the “united atom” approximation is being used (i.e. /;, 1, measured 
relative to the same center) and o? 3Z,*, #2? '!Z,~, x? 8Z,*, o2 'S,*, we? 'T,*, x? 8S,” if the mole- 
cule is symmetrical and the “separated atom” approximation is used, wherein two electrons are 
to be considered equivalent for our purposes if their orbits are identical except for being re- 
ferred to different centers of similar type. 

Eqs. (8-9-10) replace (69,70) of our previous paper. We must caution that (9) and (10) 
apply only when the effect of ZL, A and \j, Az respectively upon the energy is small compared to 
that of the principal quantum numbers m,, m2, since in (9-10), though not in (7), we have dis- 
carded the portion of (2) not diagonal in m, m2, In (2) a;, a: are in general functions of 7, r2, 
and it is only when we discard the non-diagonal matrix elements that they can be treated as 
ordinary numbers as in (9-10). It must be remembered that the A-doubling is a second order 
effect, and so the non-diagonal part of (2) (i.e. part of the spin-orbit interaction not diagonal 
in the principal quantum number) makes a contribution to (7) of the same order as the more 
usual diagonal part except insofar as the latter yields smaller denominators in (7). 


5. EFFECT OF A MAGNETIC FIELD UPON THE A-DOUBLING 


Stationary Molecule. Let us first neglect molecular rotation and suppose 
that a magnetic field is applied parallel to the axis of figure. The extra term 
introduced into the Hamiltonian function is then O8(L,+25S,) where 8 is the 
Bohr magneton he/4zmc. In thea, b system of representation, this expression 
is a diagonal matrix whose elements are + $8 as then one (the “a” component) 
has A=1, © = —1, while the other has A= —1, ©=+1. Hence the magnetic 
field merely has the effect of adding —H6 and 6 respectively to the two 
elements on the principal diagonal of (4) and so the roots of (4) become 


W = 3[W(Mot) + WECM) ] + 3(4 G28? + Adv)", (11) 
where Av is the field-free doublet width W(II,*+) — W(*Ilo~). Eq. (11) has the 


3 The small Greek letters as used here and also later in Eqs. (16) and (18) in the “separated 
atom model” relate to the one rather than two-center problem and hence are less specific than 
those in Mulliken’s usage. He would, for instance, write o,0, 2, in place of our o?S,. In our 
united atom approximation, the electron is « or g according as/ is odd or even. 
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same structure as the familiar expression for the Paschen-Back effect on 
doublets. The important thing to note is that after addition of the magnetic 
terms the transformation matrix associated with (4) no longer has the pre- 
cise form (8), as (8) demands equal elements along the principal diagonal of 
(4) (previously secured in virtue of J/(aa) =J/(bb) ). Any departure from (8), 
however, means loss of the even-odd property, in agreement with statements 
made in section 1. The analogy to the crude model at the end of section 1 is 
obvious. In the limit H8> Av, the field demands the a, b representation. 
In the more usual limit OS<)hAv| the roots of (11) are approximately 
W @llo*) + $76?/hAv. 

The assumption of a stationary molecule has permitted particularly 
simple exhibition of the Paschen-Back effect on the doubling, but is not a 
good approximation to reality unless perchance the magnetic field is so 
extremely powerful as to align the molecular axis parallel to the field. Such 
an alignment would require §°B2>h| Av! (2J+2)h*, 8x*Il as the Zeeman effect 
cited in the last sentence of the preceding paragraph would need to be bigger 
than the rotational structure. In iodine h/87*Jc has the abnormally low 
value’ 0.029 cm~, but, even so, satisfaction of the above inequality at the 
band origin J =0 in a field of 20,000 Gauss would require | Av, c| «15 cm. 

Effect of Molecular Rotation. This rotation profoundly modifies the Zee- 
man effect but will not impair the field-free theory of $4 if we suppose, as we 
shall, that the molecule is heavy enough so that Hund’s case a is a good ap- 
proximation. With the rotation, the perturbing matrix elements due to the 
magnetic field are 





-v)withJ’ =J +1. 


| : _ PU +s! $1)? - 4arez2 
H,("lote ; *I1p-v’J’) = 3 H8 —| 1(v 


(2J’ + 1)(2J + 1) 


This can be seen by noting that in the a, b system of representation, these 
matrix elements are of the same structure as those of the potential energy of 
a rotating dipole,** with the moment along the axis of figure taken as 8. As 
usual, J/ is the magnetic quantum number determining the component of 
angular momentum in the direction of the field. The factor 1(v; v’) denotes 
/{R.+R,'~dr, and has been inserted to allow for the vibrational structure ;* 
here R,* and R,’~ are the vibrational parts of the wave function for *II9* 
and *II9~ states of vibrational quantum number 2, v’ respectively. Unless the 
field is so very strong as to give much Paschen-Back effect, one can use per- 
turbation theory, and the energy levels in the field are, to the second order 


33 See, for instance, R. de L. Kronig, Proc. Nat. Acad. Sci. 12, 488 (1926). 

% This vibrational factor results from the fact that in calculating the matrix elements of 
the Hamiltonian function H, there is an integration over the radial wave function. It is possible 
to take #7 outside the integration particularly since H is a Zeeman term independent of 7; or 
more generally in other problems, since the variation of H with r is usually “blunt,” compared 
to that of the radial wave functions themselves. The function 1(v; v’) isa Kronecker delta func- 
tion only in case the initial and final states have the same vibrational constants, etc. so that 
R*, R~ belong to exactly the same set of orthogonal functions. In our problem the difference 
between 1(v; v’) and a Kronecker delta will presumably not be great, for the potential curves 
for M and N are quite close for a considerable range of values of r (cf. Fig. 1). 
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§787[J’ + J + 1)? — 4M?]| 1(0; 0’) |? 
4hv(FAI ote ; Mot v’J’)(2J + 1)(2J’ + 1) 


W = W(llot) + Dood reset 








(12) 


It is to be noticed that there is only a second order Zeeman effect. A first 
order effect®* would require both 8>|hAv| and $BJh?/4x°J (except for 
fortuitous near-coincidences of two states involved in the denominator » of 
(12), due to counterbalancing of the stationary doublet width Av by rotational 
or vibrational changes). If one assumes that the effect of the rotational 
quantum number J on the energy is small compared to the A-doublet width 
hAv, one can replace v(. .) in (12) by an expression independent of J. This 
assumption is not an automatic consequence of Hund’s case a, as the latter 
merely insures that the ordinary multiplet constant a, be <Jh*/47°J, whereas 
Av is of the second order in a, (cf. Eq. 10). Still further simplification can be 
effected if we assume that both components have nearly the same potential 
energy curve, making 1(v;v’) = 6(v, v’) where 6 is the usual Kronecker symbol, 
or if, going to the other extreme, we suppose that the effect of vibration is 
small compared to the doublet width. The latter supposition, unlike the 
former, is not usually warranted, but would permit one to take v outside the 
v’ summation sign and use the relation >| 1(v;v’) | *=1 proved elsewhere by 
the author.® If either case (12) then reduces to 
2J?+2W-1i- | 


W = Wot) + $38" ee eet 


~ (13) 
(27 — 1)(2J + 3)hAv 


provided the rotational structure is small compared to the doublet width. 

Rate of Magnetic Predissociation. So far we have ostensibly supposed both 
doublet components to be stable. If, as in iodine, the *I]p>~ component is un- 
stable, we may index and normalize its vibrational wave function with re- 
spect to the energy W. Wentzel, Dirac, and others* have shown that the rate 
at which a stable level 1 predissociates due to interaction matrix element 
V(12) with a continuous level 2 is 4r?| V(12) | 2/h*? provided that 2 be normal- 
ized with respect to energy, and that its energy be given the same value as for 
the discrete level. Hence in our case the probability of predissociation of the 
vibrational member 7 is 


26°82 1(J' + J 1)? —4M?), 
Dorast1 = \ 8 de I 1(v, W) | ?. (14) 
h?(2J’ + 1)(2J + 1) 








In iodine the moment of inertia is probably so large that one is amply war- 
ranted in neglecting the rotational modulation of the vibrational potential 


% It is to be emphasized that we throughout assume Hund’s case (a). A linear effect, to be 
studied in a forthcoming paper by R. Serber, appears as soon as there is an appreciable rota- 
tional distortion, i.e., tendency towards case (b) or (d). 

% J. H. Van Vleck, Proc. Nat. Acad. 15, 754 (1929); especially pp. 757-758. Note especially 
that our R*+, R~ denote different sets of orthogonal functions, so that the matrix multiplication 
is not of the usual type. 

37 G. Wentzel, Zeits. f. Physik, 43, 524 (1927); Dirac, “The Principles of Quantum Me- 
chanics,” p. 166. 
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energy curves, permitting us to regard 1(v, W) as independent of J’. If we do 
this and average over the various allowed values of the magnetic quantum 
number, (14) becomes 

4a? 78? 


l(z, W) | ? (15) 
3h 


As mentioned in section 3, existing data do not permit evaluation of the 
factor 1(v, W). Different incident frequencies excite the iodine molecule to 
different vibrational levels v7, and hence the dependence of this factor on 7 
would be necessary in order to determine the sensitivity of the quenching to 
the frequency of excitation. 

One point is quite clear. Experimentally the amount of magnetic predis- 
sociation does not seem to depend at all on the rotational quantum number, 
although Turner’ calculates that enormous values of J are excited in some 
cases. This accords nicely with the absence of J in (15). 

Magnetic Susceptibility in *Ily States. As no gas is known having a ‘II, 
normal level, we shall merely state the results obtained by adapting to such 
states the author’s general quantum theory of magnetic susceptibilities.** 
If we assume the vibrational structure can be eliminated as in going from (12) 
to (13), the formula for the susceptibility is (2N6* 3hAv) tang (hAv/2kT7) 
which reduces to NB? 3kT in the limit h Av «kT. 


6. SOME SECULAR DETERMINANTS FOR MOLECULES 
INCLUSIVE OF SPIN-ORBIT COUPLING 

The writer has found it instructive to actually set up some of these 
determinants, for their structure is interesting even though insufficient data 
are available to permit numerical solution. Except for addition of the spin- 
orbit terms we shall make the usual Heitler-London approximations and so 
neglect any errors incurred because two wave functions belonging to different 
atoms are not rigorously orthogonal. 

°>P+?P. The orbital wave functions for a molecule derived from two iden- 
tical p?P atoms have been listed by Bartlett®® and so need not be given 
here. One must, of course, multiply them by the proper spin functions (6), 
and in the case of the “II states pass from the a, } representation to the even 
and odd states by using the transformation (8). The matrix elements of (2) 
can be calculated from the well-known properties of the angular momentum 
operators. We are interested primarily in the dependence of the secular 
structure on the spin-orbit terms, and so shall not attempt to solve the rather 
laborious electrostatic part of the problem, instead merely denoting the 
various electrostatic terms by small Greek letters. We shall use the letter a 
to denote the atomic multiplet constant, which is the same as @;=4@2 in (2) 
and is half the corresponding molecular constant.‘ The various electrostatic 


38 J. H. Van Vleck, “The Theory of Electric and Magnetic Susceptibilities,” Chaps. VII 
and X. 

39 J. H. Bartlett, Jr., Phys. Rev. 37, 509 (1931). 

4° For general discussion of the relation between atomic and molecular multiplet constants 
see R. S. Mulliken, Rev. Mod. Phys. 4, 34 ff, (1932). 
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terms, and to much less extent also a, are of course functions of the inter- 
nuclear distance r. The caption below Fig. 1 lists ten 0 states derived from 
°P+°P but because of the symmetry properties the secular equation factors 
into two biquadratics and two isolated states. One of each are the following* 


on *II,,7 W=a-— a 
on *I1, la-—-}ja-W da 2 *i%¢ 2-1/2@ 
g* a B-W € 0) 
ite . ; =(0 (16) 
w* *.,* 2-1/2q € y¥-lU —_ ¢ 
gr? 2-1/2g 0 —a 6-W 





The others are identical except that the labels are or *II,~; om *II,*, o? '2,* 
nr? 'S,*, mw? 8X, and that the constants a, 8,--- , € all have new values. The 
off-diagonal electrostatic term € arises because the individual X's of the 
separate atoms are not good quantum numbers even without the spin-orbit 
distortion, so that certain = states can be part 7” and part o”. 


Asa check on the accuracy of the work, one may verify that (16) simplifies 


, 


properly in limiting cases. When a, 8,---, € vanish, the atoms are un- 
coupled, and the roots of (16) become a, a, — 3a, —2a, in agreement with the 
fact that the spin-orbit energies of a?P atom are }a, —a. Whena,8,---, € 


are specialized appropriately for a central field,*' the problem becomes a one 
rather than two center one, and one can verify that then (16) yields es- 
sentially the secular determinant of the p* atomic configuration, studied else- 
where by Bartlett and by Goudsmit.” 

If one knew the numerical values of the various constants, one could 
solve (16) numerically for W and so determine the A-doubling and spin- 
orbit distortion even though the latter is of the same order of magnitude as 
the electrostatic binding, which incidentally is the case in iodine. Eqs 


‘1 The specialization of (16) to central fields is accomplished by setting 2(8—a) = —2!/2€ 
= y—a=—(5—a). This can be seen by noting that when a =0 the roots must agree with known 
electrostatic energies for p* or p' (e.g. Slater, Phys. Rev. 34, 1293 (1929); Condon and Shortley, 
ibid. 37, 1025 (1931)) and further with the Wigner rules for the compounding of orbital wave 
functions (e.g. Bartlett, ibid. 38, 1623 (1931)). Making this specialization, but assuming 
0< la! | «| one finds that the roots of (16) become 


Fut Fi-—a,  Fot Feta, Fo- SF, Fo + 10F: 
in agreement with the energies of *D,, *D;,'P,*S respectively in Russell-Saunders coupling. The 
isolated root above (16) gives *D.. The notation F,=(y—a)/6, Fo =a— F, has been introduced 
to make our usage agree with Condon and Shortley’s. The terms *D, 'P, *S are not really allowed 
by the exclusion principle, but this discrepancy is a formal one which arises because our model 
is too simple to take cognizance of the “promotions” which take place when the limiting case of 
central fields is achieved by coalescence of two attracting centers. In the determinant for g* con- 
figurations which as mentioned above is similar in form to (16) the specialization appropriate to 
central fields is a= 6, 4(8 —a) =6 X2'*«=3(y —a@), which makes (16) factor into two quadratics, 
and then the roots for 0< |a|&|«| reduce to the energies of *P.,°P2, 1D, 'S in Russell-Saunders 
coupling. (With the g configurations, F, = (y—a)/12, Fo=a+5F,and theisolated root gives *P,.) 
#2 J. H. Bartlett, Jr., Phys. Rev. 34, 1247 (1929); S. Goudsmit, ibid. 35, 1325 (1930). 
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(7-9-10), on the other hand, were derived by perturbation theory and so 
presupposed this separation to be small. In iodine one has p*+ * rather than 
p+p (used to obtain 16) but as far as the secular structure is concerned the 
two cases are entirely similar except for reversal of the sign of a and different 
numerical values of the various constants. The small Greek letters a, 7 in (16), 
etc. then specify =X for an atom rather than the A of a single electron. It may 
be noted that Eq. (16) may be written in the form 


(0,a + 2-'/*Qoa)? (@ea — 27 *0,a)* a- 
W—-a+tia= + a ————- (17) 
7 iW — p’ Wy’ 2(W — 34) 
in which it is to be observed that unfortunately the unknown W appears on 
the right as well as left side. Substitution of approximate values of IV on the 
right reduces (17) to (7), and further to (10) if 6; =1, @2.=0. Here B’, y’ denote 
the characteristic values }(8+) +3|(8—y)?+4€ ]!? of the B, y pair of states 
under omission of the spin-orbit distortion, while 6;, 6. are defined by 
6,(8—B')+6.€=0, 6°+6.2=1. If one uses the root corresponding to *II,,~, 
the right side of (17) is the width of the A-doublet, since the isolated state 
above (16) is undisplaced. With this root, the right side has the value 3a/2 
for r= % if “II,” is derived from *P3;2+°P3;2. Let us suppose that a <0, as is 
the case in I,. Then if the A-components cross at some intermediate value of 
r, it is necessary that at least one of the denominators in (17) be positive, for 
otherwise the right side of (17) could never be positive for any 7. This means 
that one of the *X,,* or 'Z,~ levels, say x, exclusive of the spin-orbit correction, 
must lie below the *IIo,~ level, inclusive of this correction. This agrees with 
statements on p. 552 except that the condition W(*IIo.-) —-W,>0 given on 
that page is less severe than the more rigorous criterion W(*IIo.~) — W,°>0, 
for the spin-orbit interaction terms will depress x since k comes from ?P3/> 
+?°P3 2. The purely electrostatic energy W,° of x is, of course, the same as the 
least of the three quantities 6’, y’, 6. It is to be emphasized that all the con- 
clusions on the size and sign of the doublets in this paragraph apply only if it 
is legitimate to neglect interaction with configurations derived from excited 
atoms not included in (16). 
2=P+?P’. When now we turn to molecules (e.g. ICl) derived from different 
rather than similar *P atoms, the w-g classification is lost, and the factoriza- 
tion is into two quintics, one of which is 








TO SIT 97 e~ $a —W E 2 "ay 4a) ay 

oT 3]I9* é B- $d —W 2 "de $d de 

ao ‘Xt 2-t%q, 2-124 y7¥-W n 0 = 0 (18) 
ax ‘It Fay $d n 6—- W —3(a,;+<a2) 

rr *So~ $a 3d 0 —3(a;taz) e-—W 


The other quintic is like (18) except that the electrostatic constants y, - -, 7 
(but not a, 8) have different numerical values and that the labels are 
tro *IIo-, or To, oo 2X ot, wr FZ ot, wri s-. 
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Eq. (18) suggests the following explanation of the pseudo-crossing be- 
havior discussed in connection with Fig. 3, section 2. Application of the 
transformation (8) to the two mm statesin (18) throws Eq. (18) into a form 
differing from (18) in that the elements of the fourth row and column become 
2-'?a,, 2-*ae, 2-'*n, 3(6+6€)—3(aitae)—W; 3(6—€) and those of the 
fifth 0, 0, 2-'/*n, 3(6—€), 3(6+€+a,+a.)— W. Hence if we set n=6—€=0 
the determinant factors into a biquadratic and a single root W=}(d+e 
+a,+az2). The latter is obviously then derived from ?P3/2+?P3,2, since the 
magnetic terms for °P 3,2, ?P 1/2 are respectively 3a, —a. Let us assume that at 
ordinary values of r the energy order is oo <om <70 <7, as seems probable 
in ICI, and that a2<a,<0 (i.e. p> atoms). Then an extrapolation by means of 
the biquadratic will make the oz level appear derived from ?Pj;.+*P 3/2 
despite being the second lowest 0* level, for the two available 0+ states ob- 
tained from *?P3;2+?P3/2 will be absorbed by oo'X* and the isolated root, 
whose potential curve will be crossed by or *II* at some large value of r. This 
crossing is, of course, removed when 7, 6—€ #0, and o7II,* then comes 
from *P3,2+?P32, as explained on p. 556. Clearly the usual vibrational extra- 
polation will make this state appear derived from ?P;/2+?P3,2 if the low roots 
of (18) are insensitive to 7, 6—€ at ordinary values of r. It appears quite likely 
that this is really the case. In the first place, » and 6—€ both vanish if the 
X’s (or rather YA over an atom) are good quantum numbers. At ordinary 
values of r, to be sure, it may well be that | 6—|>>|ai+az|, meaning that 
the m7 states have a quantized resultant spin rather than much tendency 
towards J-J atomic coupling. Application of the transformation (8) to m7 is 
then a very bad approximation, for (8) diagonalizes spin-orbit terms at the 
expense of putting electrostatic exchange terms off the diagonal. Neverthe- 
less the potential curve for or *IIo* would not be materially affected by 7, 
5—e if |B—y!, |B—6|>|6—e|, |n| ie. if the 7 singlet-triplet separation 
and interaction with o is small compared to the distance between mz and 
other configurations.** The Mulliken-Hund theory of united atoms lends con- 
siderable plausibility to this possibility, for the mz configurations of p*+)* 
seem to pass into states of the united atom representing a high degree of pro- 
motion. At large values of 7, on the other hand | 5—e!, |»! may be small 
compared to |a,+a2|, and the above factorization into the biquadratic and 
isolated root is then clearly allowable except in the immediate vicinity of the 
crossing point. 

When one considers the quintic for the five 0~- states, configuration 
theory suggests that oo as well as mz is higher than oz or ra. Hence o7'Ily”, 
if less than wo*II,~, extrapolates into *P3.+°Ps3)2. even when a lone root is 

43 It is to be noted that the II states are connected with the other states of (18) only by spin- 
orbit terms. Hence even if , 6—« are not particularly small in magnitude compared to 8—vy, 
8—6 at small values of r, the error made by setting 7 =5—«=0 may still be quite small as far as 
the II roots of (18) are concerned, for with very small r the spin-orbit terms may be subordinate 
to B—y, a—y, etc. At larger values of 7, the spin-orbit interaction cannot, of course, be con- 
sidered small, for it is of the same order as the separation between the two dissociation products 
between which we wish to differentiate. 
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factored off, for oll)” is then still the lowest root of the biquadratic. If this 
were not so and there were a lower 0° level of the form ga, it is hard to see 
how the “Il,” component in iodine could be unstable, unless perchance the 
corresponding “hill” in Fig. 3 is very low. Indeed, if W(7*?*'S,*) > WC.) 
> Wo? 8,7) the same type of argument as used in the preceding paragraph 
could be used to remove a root from (16) instead of (18) and make “Ilo, 
appear derived from *P3 2+°P; 2. Hence in order to make the “Ilo,” level un- 
stable in I, as needed for our theory of magnetic predissociation, it is neces- 
sary to exclude the possibility of o? °X* falling below *IT»,~, even though such 
an arrangement might give the much-desired crossing of the A-doublet com- 
ponents (cf. page 552). 

°S+°P. The secular equation for ?S+?P is formally equivalent to that of 
the atomic configuration sp '*P in an axially symmetrical electric field and 
hence is a generalization of Houston’s* well-known equation for field-free 
atoms in this configuration. Only quadratics are involved, and the solution is 


*IIo-, ?=+: W = fla, B), Io, '=*: W = fla, y) 
with 
2x, v) = xt y—da.t [(x-—y—Fa)?+ 2a,*|'/? 


Here a, 8, y denote the energies of *II, *S,'X without the spin-orbit correction. 
We have given only the secular equations characteristic of 2 =0, but those 
appropriate to other values of 2 can be constructed without undue difficulty. 
The writer wishes to thank Professors R. S. Mulliken and L. A. Turner, 
also Dr. W. G. Brown for helpful discussions and correspondence. 


4 W. V. Houston, Phys. Rev. 33, 297 (1929). 
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Relativity and the Uncertainty Principle 


By N. Rosen AND M. S. VALLARTA 
Massachusetts Institute of Technology 


(Received March 29, 1932) 


A simple ideal experiment to measure simultaneously the position and momen- 
tum of a free electron, also its kinetic energy and the instant when this kinetic energy 
is measured, taking into account the finite velocity of propagation of light as em- 
bodied in the Lorentz transformation, is proposed. This experiment is as follows: 
an observer sends out a light signal which strikes a given free electron and returns 
along its own track. From measurements made on the outgoing and returning signals 
the required quantities, and the uncertainties in their measurement, are calculated. 
In the absence of detailed knowledge concerning the nature of the interaction bet ween 
the signal and the electron, it is found that for any electron velocity between 0 and c, 
ApAx and AEAt have an upper and a lower bound. The upper bound depends only on 
the initial electron velocity and the lower bound is a function of the electron velocity 
and the outgoing frequency. These bounds come close together for low electronic veloc- 
ities and low frequencies, but their separation increases as the initial electron velocity 
increases becoming infinite in the limit v=c. In the limit c—* the upper and lower 
bounds coalesce for all frequencies and all electron velocities giving Heisenberg's re- 
sults. The possibility, but not the necessity, of a relativistic quantum mechanics with 
ApAx =h (and \EAt=h) is, we believe, established by the present results. 


1, 


DP puewrsesien nineteenth century mechanics may be characterized from the 
contemporary point of view by the statement that it takes cognizance 
neither of the finite velocity of propagation of light nor of the dualism be- 
tween particles and waves. The recognition of the significance of the first fact 
gave birth to relativistic mechanics, that of the second to quantum mechan- 
ics. Historically these two far-reaching theories have been built up succes- 
sively and rather independently; that this independence could not logically 
be preserved was strongly felt from the earliest stages of the development of 
quantum mechanics, but that the finite velocity of propagation of the electro- 
magnetic field plays a prominent réle in atomic physics was first forcibly 
brought out by Dirac’s theory of the electron spin. 

It is well known that the introduction of a finite velocity of propagation 
into the body of quantum mechanics is beset with grave difficulties and some- 
times leads to conclusions (e.g., energy interchange between field and elec- 
tron) grossly at variance with experiment. While some of these difficulties 
(e.g., infinite self-energy of the electron) have now been throughly analyzed, 
it has become increasingly apparent in the course of these investigations that 
it is not enough to fasten as an afterthought the requirement of Lorentz in- 
variance on the equations of quantum mechanics. Relativistic mechanics and 
quantum mechanics are in point of fact generalizations of classical mechanics 
along very different directions, so that a priori there is nothing to insure their 
common consistency. The present paper is intended as an elementary con- 
tribution to the analysis of this fundamental question. 
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Just as relativistic mechanics follows from Einstein's definition of simul- 
taneity, so the kernel of quantum mechanics is found in Heisenberg’s uncer- 
tainty principle. Hence any attempt to prove the inner consistency (or incon- 
sistency) of relativistic and quantum mechanics reduces in essence to an in- 
vestigation of whether or not the relativistic definition of simultaneity is con- 
sistent with the uncertainty relations, or vice versa. The suggestion has 
already been made by Schrédinger' that these two are incompatible, and to 
this source might then be ascribed the difficulties mentioned above. A priori 
there is nothing to insure the validity of the uncertainty relations when rela- 
tivistic notions are taken into account, nor is there any reason to accept a 
priori the relativistic method of measuring time intervals and synchronizing 
clocks if the measurement of time by means of a clock is to be placed on an 
equal footing with other physical measurements. This remark opens up two 
possible methods of attack of the problem of discovering a suitable guiding 
principle in relativistic quantum mechanics: either one postulates the validity 
of Einstein’s definition of simultaneity (and hence of the Lorentz transforma- 
tion) and tries to devise an ideal experiment, of the nature of Heisenberg’s 
experiment with a gamma-ray microscope, to deduce the uncertainty rela- 
tions, or one assumes the uncertainty relations and then attempts to see what 
modifications are necessary in the definition of simultaneity. The latter is the 
method chosen by Schrédinger,! the former the method of the present paper. 
Still another conceivable procedure would be to give up both and try to build 
up a more general theory in which the present quantum theory and the pres- 
ent relativity theory would appear in the limits c>* and h-0, respectively. 
This requirement, incidentally, applies just as well to either of the above 
methods of approach. The absence of a sufficiently secure starting point, how- 
ever, seems to preclude for the present the effective use of the last method of 
attack. 

There are as a matter of fact good reasons to suppose that the Lorentz 
transformation plays a fundamental part in atomic phenomena and therefore 
should be taken as the starting point of any new discussion. Experimentally 
we know that such phenomena play their parts in the same space-time as 
other physical processes, we further know that gravitational forces play a 
very small part in the atomic world and, on the theoretical side, that the laws 
governing atomic processes must be independent of the frame of reference. 
As already intimated previously, and for the reasons just stated, in this paper 
we take the standpoint that the Lorentz transformation is valid for elemen- 
tary processes and attempt to devise a simple experiment to measure simul- 
taneously the momentum and position of a free electron, also its kinetic en- 
ergy and the instant when this kinetic energy is measured. The difference be- 
tween our analysis and previous ones is that we try in this way to take into 
account the finite velocity of propagation of light in an experiment otherwise 
similar to Heisenberg’s experiment with a gamma-ray microscope. His results 
should then appear here in the limit c>™. 


1 E. Schrédinger “Spezielle Relativititstheorie und Quantenmechanik,” Sitz. der preuss. 
Akad. der Wiss. p. 238, 1931. 
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2. 


We propose the following ideal experiment: An observer O sends a spectral 
line, emitted by a single atom, of mean frequency » and natural width Av; 
(hereafter called the “signal”) towards a remote free electron (i.e., moving in 
a straight line with uniform velocity). The signal may or may not return to 
the observer; we may, however, assume without incurring logical difficulties 
that it does return. The returning signal is a spectral line of mean frequency 
vy and natural width Av, arriving after a time 7. In general »;#v2 and 
Av, ~ Av, because of the interaction between signal and electron (Doppler and 
Compton effects). It is required, first, to find the momentum # and the posi- 
tion x of the electron at the time when it received the signal, and the product 
ApAx of the uncertainties in the measurement of p and x; second, the kinetic 
energy E and the instant ¢ when this kinetic energy was measured, and the 
product AEAt of the uncertainties in the measurement of E and ¢. 

Two essential methodical remarks may properly find expression at the 
outset. The first refers to the use of the Lorentz transformation. For reasons 
already stated we assume the validity of the latter in order to correlate events 
in the electron’s reference system with events in the observer's frame of refer- 
ence. While doing so we are fully aware of the difficulties attending the syn- 
chronization of clocks considered as quantum mechanical systems which have 
already been discussed by Schrédinger.! However, whereas he is interested in 
fitting relativity into the framework of quantum mechanics, we take here the 
converse point of view and therefore his difficulties do not concern us here. 

The second remark refers to the general argument for the calculation of 
the uncertainties of our experiment.’ We start from the particle picture, as- 
suming a head-on collision between a photon (or a group of photons) and an 
electron governed by the classical laws of conservation of energy and of mo- 
mentum. Secondly we introduce the wave picture assuming that the observer 
sends out a finite wave train which returns to him, after the interaction with 
the electron, as a finite wave train. Thirdly we show that the observation re- 
acts on the observed object so as to spoil the initial state. The fourth and 
most important point is to see why the reaction is indeterminate within cer- 
tain limits. 

Finally, since the signal reaches the observer after the interaction has 
taken place, our determination of the momentum and position necessarily 
refers to an event which has taken place in the past, and so do the correspond- 
ing uncertainties. From the relativistic point of view it seems unavoidable 
that the uncertainty relations, if valid, must hold for the past as well as the 
future. 

In the present example the combination of the wave picture with the par- 
ticle picture gives the Doppler and Compton effects, the observation unavoid- 
ably spoils the initial state because of the collision between signal and elec- 
tron, and the reaction is indeterminate within limits to be presently calcu- 


2 See C. G. Darwin, “Examples of the Uncertainty Principle”, Proc. Roy. Soc. of London 
A130, 632 (1931). 





Jt 
~~! 
Nm 


N. ROSEN AND M. S. VALLARTA 


lated because we do not know just where within the finite wave train the 
photons are, nor as a consequence just where or when within the wave trains 
the collisions take place. 

3. 


The spectral line of mean frequency y»; and natural width Avy,, due to a 
quantum emission from a single atom may be described from the corpuscular 
point of view either as a single photon of energy jy; or as a group of photons 
of energies roughly between /i(v;—Av,/2) and h(v;+Ayv,/2) and total energy 
hv;. From the wave standpoint our signal is described as a finite wave train 
of n waves, and from simple optical considerations it follows that 


Ap, Vy = 1/n (1) 


where the symbol = is used for “approximately equal to”. 

Let now the frequency of the outgoing signal as measured by the observer 
in his own reference system be »;. Applying a Lorentz transformation we find 
for the frequency v;’ of this signal in the electron’s frame of reference S’ 


vy’ = vim, w = (1 — B)"2/(1 + 8)! (2) 


where 8 =v, c as usual and 7¢ is the electron’s velocity relative to S. After the 
collisions the photons (or photon) return to the observer along their own 
track, by hypothesis. The frequency v2’ in S’ after the interaction is, by the 
ordinary theory of the Compton effect 


ve) = vy (1 + lar’), a = h/me?. (3) 
Transforming back to S we find for the frequency of the returning signal* 
vo = vyp?/(1 + lapr;). (4) 


Eq. (3) is derived on the assumption that the electron is initially at rest in 
S’, that is, that it is moving with its initial velocity 7; with respect to S. The 
factor uw in (4) therefore refers to the initial velocity v7; and we may solve (4) 
for w to find this initial velocity. We obtain 


Mi = ave + (a?ve? + y2/r;)'/?, (5) 
where wu; = (1 —8;)'? (1+8,)'?>0. From this we obtain the momentum ), 


moc By mo =1—p? 6) 
i eae em ecm (6 
Q—6) 2 wy 

If the outgoing and returning frequencies were known exactly, the exact 

value of the initial momentum would be given by (6) and there would be no 

uncertainty in its measurement in terms of »; and vs. But all that we do know 

is that v,; lies somewhere within a frequency range of width Av;, and similarly 

vg. Hence the value of p is also uncertain by an amount Ap which from elemen- 
tary calculus is given by 


* Of course the same result is obtained starting from the conservation of energy and mo- 
mentum with respect to S. 
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Ap = |- moi Apo. (7) 


We now inquire what is the relation between the widths Av;, Av, of the 
outgoing and returning signals. If we start from the classical picture (the 
signal is a finite wave train of n waves, the electron is a corpuscle) we im- 
mediately obtain the relation Av,/y, =1/n=Ave/ve or Av, /Avg=v,/v2 for then 
classical electrodynamics gives the result that the number of oscillations in 
the incident wave train is the same as the number of waves in the returning 
wave train, and relativistically this number is an invariant. If, however, we 
assume that (4) is a relation holding for each component frequency of the out- 
going and returning signals, in other words that each frequency band of infin- 
itesimal width is shifted by an amount given by (4), then we may differ- 
entiate (4) with u, constant to find the relation between Av, and Av, obtaining, 


Ap, v/v 


— = —___ . (8) 
Ave 1 + 2apr, 

Eq. (8) means that the ratio Av2/v,. of the shifted Compton line (i.e., the 
returning signal) depends upon the velocity of the scattering electron; the 
classical formula Av./vp=Ayv,/v,; says that it is independent of this velocity. 
It is immediately seen that (8) reduces to the classical result in the limit h—0. 
Experimentally there does not seem to be any definite evidence as to whether 
or not Ave/v, depends on the velocity of the scattering electron, but in spite 
of this it seems that (8) has more in its favor than the classical formula. 

From (5), (6), (7) and (8) we find for the uncertainty Ap 

MC 1 


Ap = Prager ap r= seamen (Av, V1). (9) 
(1 — By7)'/? 1 + apy, 


4. 


We now turn our attention to the measurement of the position x of the 
electron at the instant when the interaction takes place and the uncertainty 
in the measurement of x. 

The wave picture of the interaction leads at once to the result that the 
latter lasts a finite time tr. Suppose now that a rough average velocity of the 
electron during the interaction is given by c8. Then the total elapsed time 7° 
measured by the observer between the instant when the signal is sent out and 
that when it returns is, approximately, 


T = x/eo+7r+ (x + cBr)/c. (10) 


From which we find for x 
c 
x = —(T — (1 + 8)r). (11) 


Again we see immediately that x would be exactly known if we could measure 
T with an arbitrary precision and if we could find 8 and 7. Assuming that 7 
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—_— 


N. ROSEN AND M. S. VALLARTA 


can be so measured, since according to our formulation of the problem there is 
nothing in principle to prevent measuring a time interval with any arbitrary 
accuracy, it remains to discuss the determination of 8 and rf. 

In the absence of a detailed theory concerning the nature of the interac- 
tion between the electromagnetic field of the outgoing wave and the electron, 
neither the “mean velocity” 8c nor the duration of the interaction rt can be 
calculated. But even if we had complete and detailed information on the na- 
ture of the interaction we could not thereby find the exact value of (1+ 8)r 
because it depends essentially on a knowledge of where within the wave 
packet the interacting particles are, and this in its nature is unknowable. 
Roughly one could say that this term would be greatest if the interacting 
particles were near the head end of the wave packet and smallest if near the 
tail end. Eq. (11) thus consists of two parts, one c7'/2 which in principle can 
be measured as accurately as we like and another (1+ 8)cr/2 which contains 
elements which fundamentally cannot be known exactly, but to which only 
a greatest and a smallest value can be assigned. The latter term therefore 
causes an uncertainty in our knowledge of x. 

We now proceed to estimate the value of Ax. Let 8,c and Bec be the initial 
and final electron velocities respectively. Then obviously 8; and 82 are the 
smallest and largest values of 8. The duration of the interaction can be 
roughly estimated by noting that it is equal to the time it would take for the 
wave train to go past the electron if no interaction had taken place. Referred 
to the electron’s frame of reference S’ this time is 


7’ = nd,’/c = 1/An’. (12) 


At this point a peculiar relativistic difficulty makes its appearance. Referred 
to the electron’s reference system S’ the duration of the interaction is im- 
mediately seen from (12) to be independent of its own motion, but referred 
to the observer this duration depends on its relative velocity with respect to 
the electron. We may easily assign upper and lower limits to the value of this 
quantity as it appears to the observer. If the velocity of the electron through- 
out the time had been the initial velocity 6,c then, transforming back to S, 
we find that with respect to the observer this time is 


T, = nd, /c(A a 8,) = Tmin (13) 
and if the velocity had been the final velocity Bec then 
Tm = nr, ‘e(1 —_ Bo) = Tmax- (14) 


Using (11) we may now caculate the greatest and the least values of x. The 
greatest value is obtained when (1+8)r has its smallest value (1+81)Tmin 
which gives 


Cc 
Smex = 7" — nd,/Ccu,") (15) 
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and the least value is similarly 


c 
Ynin = is. — nr, ‘Cue”). (16) 

Hence 
nr 7 
AX max = ior ~ Snake * (1 ue” = 1 Mi"). (17) 


) 


A more moderate estimate would be reached as follows: Suppose that r 
has its greatest value Tmax given by (14). Then if the electron had moved with 
its initial velocity throughout this time, x would be 


Cc 
1, = (TF at (1 + B1) Tmax) (18) 


instead of (15) (%;<Xmax), and if it had moved with its final velocity through 
this time, then x would be 


Cc 
xg = —| T = (1 + 8s)Tmax) = Nmin (19) 
? 


which is the same as (16). Hence on this assumption 


nr 
Av = -—(Be— 8,)/(1 — Be) (20) 
? 


and of course Ax <AXx ax. 
A minimum value of Ax would be obtained if the time 7 had its least value 
Tmin given by (13). The same argument then gives 


nmr, 
AXnin = -~ (B82 — B,)/(1 — B)). (21) 


Thus from a relativistic point of view the best we can do is to assign upper and 


lower bounds to the value of Ax. It follows immediately that only upper and 
lower bounds can be assigned to ApAx. 








$. 
From (9), (17) and (21) we find 
Moc , 
ApAXmax = ——— (1 /ma?— 1/0’), (22) 
2(1 eed B,7)'? vi(l aa api) 
Moc? 
ApAx = — : —(B82 — B:)/(1 — Be), (23) 
2(1 — Bi?)'? vi + apis) 
moc? 1 
APpAXmin= - ———  ——_—_———(82 — B,)/(1 — B:). (24) 


21 — B,")'/? vi(1 a. 14471) 
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The initial and final velocities of the electron are related by the conserva- 
tion of energy mycCc+hy,;=mec?+hv. (m,=electron mass at velocity )c; 
ms =electron mass at final velocity Bec). Solving this equation for 82 we have 


po = 1 — 1 (a(vyy — ve) + (1 _ B,")- l 22]! : 


which upon substitution in (22), (23) and (24) gives 


ApAxXmax = h/(1 — Bi), (26) 
ApAx = h, (27) 
ApAxmin= h(A+ w2)/[(1+ 2am)? + ws’). (28) 


We note at once that in the limit c—* all these values coalesce to the 
value / in agreement with Heisenberg’s results. 

A plot of (26), (27) and (28) asa function of »; is given in Fig. 1. From (26) 
we see that ApAy,,... becomes infinite as 8;—>1. This of course means physically 


(Ap Ax®)max 





ApAx 








(Ap A lenin 
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Fig. 1. Typical curves of ApAx for 8;< 1. 


that in this limit the signal never overtakes the electron and consequently its 
position becomes wholly uncertain. Taking (26) as the upper bound of the 
uncertainty relation, it is seen from the plot that the upper and lower bounds 
diverge as the frequency increases and as the electron velocity increases, but 
always enclose between them a value of ApAx of the order of magnitude of h. 
Up to frequencies of the order of magnitude of the Compton frequency 
m c?/h=10?° sec-! and for moderate electronic velocities the upper and lower 
bounds define a region where ApAx is of the order of magnitude of /; it is ' 
only beyond this frequency that ApAx may have a different order of magni- 
tude. It thus seems as if the electron might begin to behave abnormally when 
the energy of the colliding photon becomes comparable with its own intrinsic 
energy or when it has a very high kinetic energy. As the initial electron veloc- 
ity increases, (27) and (28) become more nearly equal until in the limit 8,—1, 
(27) and (28) coalesce for all frequencies. 

It need hardly be emphasized that the present results contain nothing 
against the validity of the Heisenberg uncertainty relation in relativistic 
quantum mechanics. It merely goes to establish the possibility but not the 
necessity of a relativistic quantun. mechanics with ApAx=h. The possibility 
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of a relativistic quantum mechanics with ApAy a function of the electron 
velocity and the frequency remains as yet open. It may be that a more com- 
plete knowledge of the nature of the interaction between field and electron 
will lead to ApAx=/ uniquely. In principle, the self-consistency of a rela- 
tivistic quantum mechanics with ApAx=/h is, we believe, established by the 
present investigation. 

6. 


It remains now to find the kinetic energy /, the time ¢ when this kinetic 
energy Was measured and the product AZLA/ of the uncertainties in the meas- 
urement of these two quantities. Now any measurement which determines 
the momentum of a free electron in principle also determines its kinetic en- 
ergy, and any measurement to find the position fixes the time when this posi- 
tion was occupied in the experiment. By the same argument the uncertainty 
in the energy is fixed by the uncertainty in the momentum, and the uncer- 
tainty in the time is fixed by the uncertainty in the position. An argument 
which is essentially a repetition of the above method of reasoning and in- 
volves the relation Af‘=Awn/7, leads to the results 


AEAtnax = SPAN max (29) 
AEA! = ApAx (30) 
AEMymin = ApAXmin- (31) 


The details add nothing essential to our previous results and are omitted. 
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Notes on the Luminescence of Glass and Fluorite 


By THroporE LYMAN 
Jefferson Physical Laboratory, Harvard University 


(Received April 1, 1932) 


In the first part of this paper a simple method for showing the relation between 
the absorption of light and the resulting luminescence in glass is described. The second 
part contains some observations on the luminescence of clear and colored fluorites and 
of quartz in the extreme ultraviolet. In the case of clear colorless fluorite light on the 
short wave-length side of the absorption limit at 41230 is responsible for luminescence 
in the visible and also in the ultraviolet. This ultraviolet luminescence seems to consist 
of two parts. In the first place, there is a rather strong, broad band extending from the 
neighborhood of 42450 to A3810. Secondly, in the second there are sharp lines at A3812, 
A3144 and A3133. 


T ISa commonplace in physics that absorption is necessary to the emission 

of light by luminescent substances. The following experiment affords a 
simple means of demonstrating this fact. 

The only apparatus required is a small quartz spectrograph and a con- 
densed spark between metal terminals. A piece of microscope cover glass 
about 0.1 mm thick is placed inside the plate-holder in contact with the 
photographic plate. A second piece of the same glass may be placed in front 
of the slit when required. 
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Fig. 1. 


Fig. 1. illustrates the nature and results of the experiment; (a) Is the spark 
spectrum of aluminium and zinc. (b) Is this same spectrum taken through the 
strip of glass in contact with the plate. (c) Shows the result of placing a bit 
of cover glass in front of the slit. With a “Seed 23” plate the time of exposure 
wes thirty seconds in each case. 
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lf attention is fixed on (b) it is obvious that the spectrum lines are trans- 
mitted through the glass up to the limit set by absorption; in this region they 
are quite sharp. On the violet side of this point the broader impressions on the 
photographic plate are due to the luminescence of the glass. A broad line 
corresponds to each sharp line in the spark spectrum; the effect continues 
throughout the length of the plate to the aluminum pair at \1862-—54. 

This simple experiment demonstrates that the luminescent light is due to 
the part of the spectrum which lies within the absorption band of the glass. 

The same effect is shown by clear colorless fluorite. All the specimens of 
this quality which have been used were from Zell in Baden. When tested in 
a vacuum spectroscope they were all found to be of excellent transparency 
down to the limit of the Schumann region near \1230. A given specimen was 
placed in contact with the photographic plate, usually a “Seed 23”, sensitized 
with Nujol and this plate in turn was introduced into a vacuum spectroscope. 
A hydrogen tube served as source. In the resulting spectrum the lines on the 
long wave-length side of \1230 were transmitted through the fluorite, but on 
the other side of the absorption limit each spectrum line gave rise to lumines- 
cence in the fluorite which was recorded on the photographic plate in a num- 
ber of broad lines. 

It is well to note that the effect with glass differs from that with fluorite 
in one particular. For while with the former substances every strong line in 
the spectrum excites luminescence throughout the spectral range of the 
quartz spectrograph, with fluorite the action is confined to a rather limited 
region from about 41230 to the neighborhood of \990. Beyond this point 
strong spectral lines excite no luminescence. This fact has been checked by 
substituting a continuous and a disruptive discharge in helium and a hot 
spark, for the hydrogen tube source. 

One is reminded of some results of Gudden and Pohl' on the electric con- 
ductivity produced in solids by the action of light. These investigators found 
that the group of wave-lengths which was responsible for the observed result 
was situated within the optical absorption band of the solid in question, but 
was limited to a region near the long wave-length side of this band. The 
luminescence of clear fluorite seems to obey the same general rule. This rela- 
tion may prove true even for glass if the spectral area is extended into the ex- 
treme ultraviolet. 

The position in the spectrum of the ultraviolet light excited in clear fluor- 
ite by radiations in the extreme ultraviolet was determined in the following 
manner. 

A discharge tube of the internal capillary type was used closed at the end 
opposite the capillary by a plate of clear, colorless Zell fluorite some 2 mm 
thick. Matters were so arranged that a number of screens of different mater- 
ials could be interposed in turn between the end of this capillary and the 
fluorite window. The essential feature of the device by which this was accom- 
plished consisted in a windlass-like arrangement operated from outside by 
means of a stopcock. The screens were of course entirely within the discharge 


Gudden and Pohl, Phys. Zeits. 23, 419 (1922). 
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tube, their distance from the internal capillary being about 14 millimeters, 
and from the window about 4 millimeters. The discharge tube was filled with 
hydrogen at a pressure of a few millimeters. The luminescence was studied 
by means of the small quartz spectrograph already mentioned arranged to 
view the fluorite window edge on. The first experiment was made with the 
light from the end of the capillary falling directly on the flurite window. With 
a “Seed 23” plate an exposure of one half hour showed a broad band extend- 
ing from A2450 to A3810 with a maximum near 2900 and also certain fairly 
sharp lines at \3812, 43144 and 43133. To make sure that these radiations 
were really due to the luminescence of fluorite, another series of exposures 
were made on the same plate. In the first a piece of cover glass was interposed 
between the capillary and the window; in the second, a screen of fused quartz 
was interposed and in the third a piece of fluorite transparent to the Schu- 
mann region was employed. In the first two cases, the band just mentioned 
was absent, in the last case the band was very feeble but the lines were rela- 
tively strong. Now experiment had shown that the cover glass transmitted to 
2500, while the quartz and fluorite cut off the spectrum near 1525 and A 
1230 respectively. The glass was therefore fairly transparent to the region 
occupied by the band in question while both the quartz and fluorite were very 
transparent to this region. All the screens were opaque to light of shorter 
wave-length than \1230. 

Since the band was very feeble even when fluorite was used as a screen, we 
may conclude that it is chiefly excited by light of shorter wave-length than 
1230. Since the lines did not appear when quartz was used and as they were 
present when fluorite was employed as a screen, it seems probable that these 
radiations are partly due to light lying between the absorption limit of the 
specimen of fused quartz at 41525 and that of fluorite at 41230. 

In this connection it is interesting to recall that Winkelmann and Strau- 
bel? have shown that fluorite, excited by x-rays, gives out a luminescent radia- 
tion in the form of a band extending from near \2330 to 43960 with a maxi- 
mum near A2800. 

Line spectra in the luminescent light from fluorite were observed by H. W. 
Morse* many years ago. He worked almost entirely with colored specimens. 
Curiously enough he found that the character and position of the lines de- 
pended not only on the particular specimen of the mineral employed but also 
upon the character of the exciting source; an observation rather at variance 
with the results of some later experimenters. 

The work of Urbain‘ on the presence of rare earths in fluorite is well 
known. It is probable that the lines which I have observed in the luminescent 
spectrum of clear, colorless specimens of this mineral are due to traces of these 
rare earths. On the other hand it is just possible that the presence of these 
lines has a more fundamental meaning. 

Lau and Reichenheim® have found that the visible phosphorescence of 
* Winkelmann and Straubel, Wied. Ann. 59, 339 (1896). 
3H. W. Morse, Astrophys. J. 21, 83 (1905); Proc. Am. Acad. XLI, 590 (1906). 

‘ Urbain, Ann. de Chem. et de Physique 18, 222 and 289 (1909). 
5 Lau and Reichenheim, Ann. d. Physik 12, 69 (1932). 
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colorless fluorite is strongly excited by light near the short wave-length limit 
of the Schumann region. I have checked this observation for Zell fluorite. 
Visible phosphorescence is also excited in this mineral but to a much feebler 
degree by light from a condensed spark between aluminium terminals in air. 
Since the effect is cut off by cover glass but is only slightly weakened by 
quartz, and since the phosphorescence occurs even when the spark is distant 
several centimeters from the fluorite, it would seem that the wave-lengths 
of the stimulating light must lie between the limit of transparency of cover 
glass and that of two or three centimeters of air, i.e., between 42500 and say 
1800. As far as I am aware no strong absorption of fluorite has been dis- 
covered in this region. The action then is probably due to light only slightly 
absorbed over a wide range of wave-lengths. 

One specimen of fluorite from Derbyshire described as white and investi- 
gated by Nichols and Merrill,® had a slight but well-marked absorption near 
\4240 and was luminescent in the visible. The material however may well 
have been of very different composition from that which I have investigated. 

One fact is important to remember. The brightness of the phosphores- 
cence excited by the spark in air is no indication of the transparency of the 
particular specimen of fluorite in the extreme ultraviolet. This fact was dem- 
onstrated by testing the transparency of a number of pieces of clear, colorless 
fluorite with a vacuum spectroscope and then observing the brightness of the 
luminescence from the same pieces when excited by the light from an alumi- 
num-zine spark. A number of specimens all cut from crystals coming from 
the same source, namely from Zell in Baden, showed nearly the same trans- 
parency in the extreme ultraviolet but exhibited great differences in the in- 
tensity of their visible luminescence. 

The phenomenon exhibited by fluorite of poor transparency are somewhat 
different from those just described. A piece of clear and apparently colorless 
fluorite when examined in the vacuum spectroscope showed very marked ab- 
sorption between \1600 and A1300, but in ‘this region no luminescence ap- 
peared to be excited. Total absorption occurred beyond A1250. Beyond this 
region the specimen behaved much like the excellent Zell mineral, that is to 
say, strong lines in the hydrogen spectrum near the absorption limit produced 
luminescence. In this case therefore absorption is a necessary but not a suf- 
ficient condition for luminescence. 

Three specimens of colored fluorite were next examined. In nearly all 
cases a strong absorption began near 1700. On the short wave-length side of 
this limit and near it, luminescence was excited. Then followed a region of 
complete absorption without luminescence or with only the faintest trace, ex- 
tending to near \1250, and then a region in which each strong spectral line 
gave rise to secondary radiation very much as in the case of the colorless 
fluorite just described. 

It seems likely therefore that in the case of these colored fluorites two re- 
gions of absorption exist one beginning near \1700 the other near A1250. Near 
both these regions luminescence is excited. 


6 Nichols and Merritt, Phys. Rev. [1] 19, 31 (1904). 
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A number of specimens of crystalline quartz were also examined. The 
limit of absorption was in the neighborhood of 41500. Only very feeble lumi- 
nescence seemed to be excited; in fact it is doubtful if the phenomenon exists 
at all. 

With fused quartz the case is different. Absorption begins strongly near 
41525; luminescence is excited but only for a very limited region close to the 
edge of this absorption band.’ 

I am much indebted to Mr. H. W. Leighton who has carried out much of 
the experimental work described in this paper. 





7 Compare Webb and Messenger, Phys. Rev. 34, 1463 (1929). 
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The Dielectric Behavior of Colloidal Particles with an 
Electric Double-Layer 


By J. B. Migs, Jr. AND H. P. ROBERTSON 
Experimental Station, E. I.du Pont de Nemours and Company 
and 
Department of Physics, Princeton University 
(Received March 19, 1932) 


The dielectric behavior of colloidal particles is treated mathematically. The par- 
ticles are assumed to be spheres and the electric double-layer is represented by a con- 
centric conducting shell. Assuming that the conductivity of the shell is large compared 
with that of the particle and that its thickness is small compared with the radius of the 
particle, the relaxation time in sec. is given by 3¢ea/8c*)\.d where « is the dielectric 
constant of the material of the particle, a its radius in cm, c the ratio of the e.m.u. to 
the e.s.u., \2 the conductivity of the shell in e.m.u., and d its thickness in cm. A distri- 
bution of particle size is assumed, and by the use of Wagner's treatment of non-homo- 
geneous media expressions are obtained for the capacity and power factor as functions 
of the frequency. It is thus shown that the dielectric behavior predicted by Wagner for 
an assemblage of spheres having different specific conductivities may also result from 
an assemblage of colloidal particles of non-uniform size. 


INTRODUCTION 


CONSIDERABLE number of theories have been proposed in explana- 

tion of the mechanism of power loss in liquid and solid dielectrics under 
alternating electric stress. Some materials behave in a simple manner in that 
the power loss can be calculated from the dielectric constant and the direct- 
current conductivity. Many materials are not so simple and the theories 
proposed for them follow one of two general lines. They consider either that 
the material is made up of a mixture of substances which separately behave in 
a simple manner, or that the material itself has an inherently complex be- 
havior. 

The theories dealing with the complex behavior of the material are based 
on the assumption of anomalous conductivity, dielectric hysteresis, or, more 
recently, the rotation of dipoles acted upon by viscous forces as treated by 
Debye." 

Maxwell? treated the case of a non-homogeneous material consisting of 
layers of simple dielectrics with different dielectric constants and conduc- 
tivities and showed that an absorption current was to be expected. Grover® 
has shown that this would result in a change of the dielectric constant with 
frequency and a power factor different from that which would be calculated 
using the direct-current resistance. 


* Contribution No. 57 from the Experimental Station of E. I. du Pont de Nemours and 
Company. 

1 P. Debye, “Polar Molecules,” Chemical Catalog Co., p. 77, New York, 1929. 

2 J. C. Maxwell, “Treatise on Electricity and Magnetism,” Oxford University Press, New 
York, 1928. 

3 F, W. Grover, Bull. Bur. Stand. 7, 519 (1911). 
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By assuming the material to be made up of elements of different relaxa- 
tion times, whose nature is no more specifically described, von Schweidler' 
has shown that the dielectric behavior of certain materials can be explained. 
Using the experimentally determined charge and discharge currents, he has 
developed by means of the superposition principle (Hopkinson-Curie) ex- 
pressions for the behavior of the power factor and capacity as functions of 
frequency. 

Wagner’ has considered a distribution law for the time constants proposed 
by von Schweidler and then has made use of this distribution in an extension 
of Maxwell's theory® in which the medium is supposed to consist of spheres 
of differing conductivities imbedded in a non-conducting medium. It should 
be remarked that the radii of the spheres play no part in the expression for 
the time constants of the material. 

Murphy and Lowry’ have proposed a mechanism to explain power loss 
in solid and liquid dielectrics. They assume (a) that the material contains in- 
sulating particles on which are adsorbed ions of both charges, (b) that under 
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Fig. 1. Model of colloidal particle. 


the influence of a field an ion can move freely over the surface, (c) that the 
ion cannot leave the surface until a critical voltage is attained, and (d) that 
the concentration of ions decreases at increasing distance from the interface. 
They consider that the particle alone is electrically equivalent to a pure capac- 
ity and that the ions beyond the interface are equivalent to parallel capacities 
with series resistances of different values, and therefore with different relaxa- 
tion times. They then set up expressions for the capacity and power factor 
of such a system of condensers, but the constants which are involved are not 
determined. 
THEORY 


We shall here consider a mechanism somewhat similar to that of Murphy 
and Lowry. The dielectric is assumed to consist of poorly conducting particles 
surrounded by ionic atmospheres and imbedded in a non-conducting medium. 
We wish to consider the effect of the size of the particles upon the power fac- 
tor and dielectric constant. For the purpose of mathematical treatment the 
particles are represented by spheres and the ionic atmospheres by concentric 
shells of a certain conductivity. The model is drawn in Fig. 1 and corre- 

4 E. von Schweidler, Ann. d. Physik 24, 711 (1907). 

®> K. W. Wagner, Ann. d. Physik 40, 817 (1913). 

6 K. W. Wagner, Arch. Elektr. 2, 371 (1914). 

7 E. J. Murphy and H. H. Lowry, J. Phys. Chem. 34, 598 (1930). 
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sponds roughly to the accepted picture of colloidal particles possessing an 
electric double-layer. The conductivity of the atmosphere surrounding a col- 
loidal particle undoubtedly varies with the distance from the surface but it 
is here considered to be lumped into an equivalent conducting layer of a cer- 
tain thickness. 

Wagner has treated a system of conducting spheres in a non-conducting 
medium. Use will be made of this treatment, which gives expressions for the 
capacity and power factor, by showing that our model is equivalent to a con- 
ducting sphere the conductivity of which depends on the constants of the 
model. By assuming that the conductivity of the spheres varies in a certain 
way about a most probable conductivity, Wagner obtained expressions for 
the power factor and dielectric constant of the system which are functions of 
the frequency. These expressions give curves which are typical of a great 
many dielectric materials. It is here shown that a similar sort of behavior 
would be displayed by a dielectric containing spheres of different radii, each 
surrounded by a conducting shell. Such a system corresponds roughly to the 
structure of colloidal dispersions. 

An outline of the argument to be used follows. The material is supposed 
to consist of spheres as shown in Fig. 1. The central sphere of radius a;, has a 
conductivity of \; and a dielectric constant, €;. The concentric shell has a 
radius de, conductivity Ae, dielectric constant €2, and the outside medium has 
conductivity and dielectric constant respectively, As, and €;. 

The dielectric constant and conductivity are combined into a complex 
conductivity to be represented by A=A+iwe/4mc*?, where 7 is (—1)"?, ¢ the 
ratio of the e.m.u. to the e.s.u. and w/27 is the frequency. This sphere with 
its shell is shown to be equivalent to a single sphere of complete conductivity 
A. It is found that A is a function of Aj, As, and the ratio a2/a;, and is inde- 
pendent of the conductivity of the medium, A;. The fact that the equivalence 
is independent of A; makes it possible to substitute in Wagner's expression 
for the conductivity of a single sphere, an expression which involves the con- 
ductivities of the sphere and the shell and their respective radii. In this way 
Wagner's work can be taken over directly. By the use of simplifying assump- 
tions and approximations it is possible to get the equivalent conductivity in 
terms of a single expression, and then by considering a distribution of particle 
size, rather than a distribution of conductivity as Wagner did,we obtain ex- 
pressions for the power factor and the capacity as functions of the frequency. 

We will now take up the argument in detail. Referring to Fig. 1, let the 
potentials in the three media be V;, where k = 1, 2, 3; the corresponding elec- 
tric field strengths are then 

E, = — grad V;,. (1) 

We consider the sphere immersed in a uniform alternating electric field, 
the direction of which is along the z axis; the field is accordingly axially sym- 
metric about this axis. Since there are no free charges in the various mediz the 
lV’. must satisfy Laplace’s equation 


AV, = 0 (2) 
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and in virtue of the axial symmetry may, on choosing polar coordinates with 
z axis as pole, be taken in the form 


eo} 


V; = > (Agar” + Bynt (n+1)) P,(cos 6) (3) 


n=0 


where P,,(cos 8) is the nth Legendre polynomial. 

The boundary conditions to be satisfied by the V; are as follows: (a) the 
field must become uniform as r>~, i.e., E;—>(0, 0, Eo e‘*'). But this requires 
that 

A3,; = — Epe***; Az, = O(n > 1) (4) 


to which we may add the normalizing condition 

Az = 0. (5) 
(b) V; can have no singularity at the origin, whence 

B,, = 0 (6) 


for all n. (c) The potentials must be continuous at the boundaries r=4d,, a» 
of the spherical shell, i.e., 








V3(a2) = V 2(de); V2(a1) = Vi(a,). (7) 
Finally, the normal component fofal current 
: 1We j, wi 
1 = NE oe E.. = A. E, (8) 
4xc? 
must be continuous at the boundaries, i.e., 
OV; OV. 
A3 ee Te Ae for r= do 
or Or 
(9) 
OV. OV; 
Ao — = A, — for r= a 
or or 


Conditions (4)—(9) are readily solved for the constants A in, Bin of Eq. (3); 
since we are only interested in the region exterior to the sphere we only write 
down the results referring to this medium :* 

(A3 —_ A2)(2Ae a A;)a9° — (Ae = Ay) (Az ot 2Ae)a,° 


a = a 


(2A. — A,)(2A3 oa Ae) ae* + 2(Ag = Ay) (Az a Ao)a,* 
0 (n #1). 





(10) 


B3n, 


Following Wagner we ask whether it is possible to describe this field as 
due to a single sphere of radius az and complex conductivity A immersed in 


* These results as well as (11) and (12) below may be taken directly from J. C. Maxwell, 
“Electricity and Magnetism” 3rd Ed. Vol. 1, pp. 437-438 (Oxford 1892) (in particular, from 
Eqs. (6), (10), and (11)) on noting that the mathematical problem here involved is equivalent 


to his on replacing the (real) specific resistance k by the reciprocal of the complex conductivity 
A. 
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a medium of complex conductivity. Under the same conditions as those for 
the double sphere the potential exterior to the single sphere will be given by 


2 a2 As —- A 
V3 = Asir + — - — ]cos@. (11) 
r? 2As +A 





Equating the two expressions (3) and (11) for V3 and solving for A we find 


a (2Ao + A;)a —_ 2(Ae —_ A,a;3 
A = ———______—__—— ,. (12) 
(2Ae a A;)as3 + (Ag > A,)a;’ 


The double sphere is therefore equivalent to a single sphere whose con- 
ductivity is given by the last equation, expressing the conductivity of the lat- 
ter in terms of the conductivities and radii of the former. This equivalence is 
perfectly general and does not depend on the medium surrounding the spheres 
since A; no longer appears. Wagner derived expressions for the capacity and 
power factor of an assemblage of single spheres and from the above argument 
we see that exactly the same electrical behavior results from an assemblage of 
spheres with shells. We could at any point in Wagner’s discussion substitute 
for the conductivity of his single spheres by means of Eq. (12). 

For our purposes, however, it is convenient to introduce at this point 
some simplifying assumptions. We assume (A) that the conducting shell is 
thin compared with the radius of the sphere and that its thickness d is con- 


stant, i.e., 
d/a<€&1 and a2 = (a; + d) (13) 


(B) that A, is large compared with A, or 
| Ae/Ay | K 1. (14) 


On dividing numerator and denominator of Eq. (12) by 2A:.a,’, substitut- 
ing from Eq. (13) for as* and expanding, neglecting higher powers of d/a, 
and dropping the subscript of a, we have 

(1 4 Ay 2Ae)(1 + 3d ‘a) —_ (1 “<_ Ay Ag) 


A = ———_—__ ; — Ae. (15) 
(1 aa Ay 2As)(1 + 3d a) al 3(1 ~~ Ay Ao) 





Expanding and neglecting the product of the small quantities A,/A, and 


d/a, we have 

—~  3A,/2 + 3dAs/a 

A = ———___— (16) 
3/2 + 3d/a 


Ay + 2dA2/a. (17) 


A 


We now have this simple expression in place of the more complicated Eq. 
(12) giving the conductivity of the equivalent single sphere and will use it to 
substitute in Wagner’s equations. He gives for the relaxation time of the 
single sphere 


e+ 2e3 
een 2 (18) 
4ic?(X + 2X3) 
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For the relaxation time of our model we obtain by the indicated substitution 
e: + 2d/a + 2; 
— (19) 


Fe eee : 
dare7(vy +- 2dd2 ad + 2X3) 
Further simplification is obtained by following Wagner in assuming that 
€;=€; and in addition that the conductivity of the shell in relation to the 
sphere is so large that \; can be neglected with respect to 2Aed a and that 


€od ‘aKe,. We have, then 
Jed 


T= (20) 


Sac"Aod 
for the relaxation time of a non-conducting sphere surrounded by a thin con- 
centric conducting shell.* 

Now in order to interpret the experimental facts for many materials it 
has been shown by von Schweidler* and others that it is necessary to assume 
that the materials are made up of an assemblage of elements having different 
relaxation times. Since the relaxation time in Wagner's expression, Eq. (18), 
does not depend on the radii of his spheres, he considers that the variation 
in 7 is due toa variation of conductivity. As the radius appears in our expres- 
sions for the relaxation time, Eqs. (19) and (20), we shall consider the varia- 
tion in 7 to be due to a variation in the radius. We thus depend on the varia- 
tion of particle size rather than inhomogeneity in particle constitution for the 
necessary distribution of relaxation times. 

The next step is to choose some function to represent the distribution of 
particle size. Wagner gives reasons for assuming that the conductivities of 
the spheres differ in such a way that the relaxation times are distributed ac- 
cording to a logarithmic error function and then uses the analysis of his 
earlier paper® in which such a distribution was taken. Since there is no gen- 
eral function expressing the distribution of particle size in colloidal dispersions 
we will choose a function which, while representing approximately the dis- 
tribution in typical colloids, gives the same distribution of relaxation times 
as used in Wagner’s treatment. Such a function results if we assume that the 
volume per cc occupied by spheres of radius between a and a+da is given by 

Vb : 
dV 4 = —— — ¢~ (bloga/ae)' dg (21) 
(r)'/? a 
where V is the total volume per cc occupied by the spheres and 6 is a constant 
which determines the density of grouping about a most probable radius apo. 
Curves illustrating this function are given in Fig. 2. The general shape is 
characteristic of the distribution found for small particles.® 


* The more complete theory of the relaxation times for our model leads to two such times 
which in the approximation d/a<1 here considered are given by Eq. (20) and ¢/47c*\, But the 
effect of this second term is negligible in comparison to that of the first in our case, for in addi- 
tion to being short in comparison with (20) it appears with an initial amplitude of relative 
order d/3a. 

5 See for example, R. P. Loveland and A. P. H. Trivelli, J. Franklin Inst. 204, 193 (1927); 
S. Odén, Chap. 58, “Colloid Chemistry,” J. Alexander, Chemical Catalog Co., New York; J. B. 
Nichols, Physics 1, 254 (1931). 
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We wish to show that the particle size distribution, Eq. (21), gives the 
time constant distribution assumed by Wagner. Eq. (21) can be written thus 


dV g = (Vb/m'!2)e~ (loea/ay)*d log a/ao (22) 
which, on substituting for a in terms of T by Eq. (20), becomes 

dV a = (Vb/r'!2)e~ lest 7 0)*d log T/T (23) 
Wagner’s Eq. (44)° gives for the distribution of the volumes occupied by the 
single spheres of different time constants. 

3dV q = (Kb/m!!2)e~ lee 70)" log T/T (24) 
where K isa constant (Nachwirkungskonstant)* appearing in his first treat- 
ment of a distribution of time constants® and is defined as follows: When a 














0 1 2 a/a, 3 4 5 
Fig. 2. Assumed volume distribution of particle size. 


field is impressed on an imperfect dielectric the electric displacement after a 
long time, D,, is greater than the initial displacement, Do, and is given by 
D, = D(i+ K). (25) 


Comparing Eqs. (23) and (24) we see that Wagner’s equations may be ap- 
plied to our case if we substitute 3V for k. In his treatment the capacity at 
any frequency is given by C+AC where C is the capacity at infinite frequency. 
Making the substitution for k, his equation becomes 
AC 3Vb «CC, ie , , cos (2b*z9 — 1)u 
—0*s,? eu? 
0 


COS tt 





du (26) 


and for the power factor, tan ¢, 


AC 3Vb_ og, ¢% &™ cos 2b%z0u : 
1+ =) tang = — e~ 2 f du. (27) 
. 0 





ty cos u 
Here 
s = log T/T o, 2 = log To, and zs + 2 = 4, 


* See “Elektrophysik der Isolierstoffe,” A. Gemant, Julius Springer, Berlin, 1930, p. 95, 
for amplification of the meaning of this constant and also on the pages following for calculation 
of the relaxation time by a method similar to Wagner's. 





590 J. B. MILES, JR., AND H. P. ROBERTSON 


Tables and curves illustrating these equations are given in Wagner's 
paper.’ In Figs. 3 and 4 are reproduced his curves for capacity and power fac- 
tor as functions of frequency. 

It is of interest to see the order of magnitude to be expected for the value 
of 7». Eq. (20) becomes 

To = 1.33(a/d)e,(1/d2’) 107" (28) 


where \,’ is expressed in reciprocal ohms. If we assume the electric double- 
layer® of the order of 10-7 cm in thickness, a particle radius of 10~° cm, and 
a conductivity of 10%, then the relaxation time will be 1.33 X 107%. We should 
not expect the conductivity to be greater than that of a strong acid in aqueous 
solution, i.e., of the order of 1 and it will probably be less than that. With this 
value of 7, a decrease in the dielectric constant and an increase in the power 
factor should be observed in the range of the high radio frequencies, i.e., 
10sk 

08 

Ac 0.6 

ail 04 

0.2 














W To 


Fig. 3. Capacity increment as a function of w7>. 


O.5xK 











Fig. 4. Power factor as a function of wT». 


at about 107. In many cases the particle size may be larger than 10-° cm, 
and as we see from the above expression, the relaxation time increases with 
increasing particle size, so that for particle sizes of the order of 10-* cm the 
whole region of anomalous behavior would fall in the range of frequencies in 
which measurements can easily be made. 

In some cases the relaxation time may be so short that it will be experi- 
mentally impossible to determine C, the capacity at infinite frequency. In order 
to make use of Eqs. (26) and (27) this quantity must be known. However, it 
should be possible to calculate C from the dielectric constants of the medium 
and the material of the spheres. Methods of doing this are discussed by 
Piekara.'° 

It should be pointed out that the assumptions made in simplifying Eq. 
(12) place certain limitations on the applicability of the simple expression 


® T. Svedberg, “Colloid Chemistry,” p. 195, Chemical Catalog Co., New York, 1924. 
10 A. Piekara, Phys. Zeits. 31, 579 (1930). 
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for the relaxation time which results, Eq. (20). For small particle sizes of the 
order of 10-7 cm it has been estimated that the thickness of the ionic layer 
is of the same order as the particle radius.'' We have assumed that d/a is 
less than one, so that we can apply our expressions only to the larger par- 
ticles. Since we have assumed the particles to be relatively non-conducting the 
results will not be applicable to dispersions of colloidal metals. We have 
tacitly assumed in expression (14) that 


we,/4rc*ho K 1 
or in using Eq. (20) we must have 
(2/3)wTd/a &K 1. 


We have assumed d ‘a small so that the expressions are valid for a frequency 
as high as 1/7 and for frequencies above this the validity will depend on the 
value of d/a. 

Speculations of a qualitative nature have often been made as to the effect 
of adsorbed ions on the alternating current losses in liquid and solid dielec- 
trics and of the effect of colloidal particles on these losses in transformer oils. 
With the aid of Eq. (20) we can obtain quantitative expression for the fre- 
quency at which the maximum power loss is to be expected for one model. 
For other spherical models with different conditions of shell thickness, con- 
ductivity, etc., a similar procedure might be undertaken to obtain the relaxa- 
tion time by use of the general Eq. (12) and substitution in Wagner's expres- 
sion for the relaxation time, Eq. (18). In view of the impossibility of obtaining 
a rigorous mathematical representation of the form of the conducting sur- 
faces, their conductivities, etc. in the case of solid dielectrics and of the lack 
of knowledge of the nature of the electric double-layer in colloids it does not 
seem worth-while to undertake the expression of the relaxation time for more 
general cases of the spherical model. It is evident from the expressions ob- 
tained for the model treated in detail that in addition to the recognized effect 
of the volume concentration and conductivity of impurities on the dielectric 
behavior, the effect of size is also of importance in certain cases. 

In addition to providing an interpretation of dielectric behavoir, this 
analysis provides means for investigating colloidal structure. For example an 
indication of the degree of uniformity of particle size could be obtained from 
the shape of the power factor vs. frequency curve, or the position of a maxi- 
mum in this curve would give the most frequent relaxation time giving 
definite relationship between the particle radius, the thickness of the ionic 
atmosphere and its conductivity. 

In conclusion one of the authors (J.B.M.,]Jr.) wishes to express his appre- 
ciation of the encouragement and helpful criticism which he has received 
from Dr. E. O. Kraemer during the preparation of this paper. 


" A. Tiselius, Diss., Upsala, 1930. 
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Further Data on the Thermal Diffusivity of Nickel! 


By RicHarp H. FRAZIER 
Massachusetts Institute of Technology 
(Received March 17, 1932) 


Results are given of tests for determining with precision the thermal diffusivity of 
a specimen of nickel having nearly the same chemical analysis as the one for which re- 
sults and method of experimental procedure were presented in a former paper. The 
over-all probable error is shown to be about 0.06 percent. The results and conditions 
of the tests are discussed in comparison with those for the former specimen. 


HE specimen on which the following results were obtained (which will be 

designated as rod D) came from the same manufacturer's batch as the 
specimen reported upon in the first paper! (which will be designated as rod C), 
and hence has nearly the same chemical analysis 2 


Cobalt 0.01 +0.005 percent Manganese 0.26+0.010 percent 
Copper 0.07 +0.005 Nickel 99.25 +0.030 
Carbon 0.14+0.005 Silicon 0.07 +0.010 
Iron 0.11+0.015 Sulphur 0.06 +0.005 


A comparison with the analysis of rod C shows the chief difference to be 
in the iron content, rod C containing about 0.14 percent more iron than rod D. 
The only other significant differences are in the carbon and manganese con- 
tents, rod D containing about 0.02 percent more carbon and about 0.03 per- 
cent more manganese than rod C. 

Seven runs gave the results shown in Table I, uncorrected for pendulum 
calibration: 














TABLE I. 

Run p AT Average T 
28 0.004 ,218,4+0.000 ,002,1 sec.“ 4.49°C 8.60°C 
29 0.004 ,206,8 +0.000 ,007 ,8 4.64 8.37 
30 0.004 ,221,3 +0.000 ,001,8 4.99 8.11 
32 0.004, 209 ,3 +0.000 ,003,5 4.31 8.48 
33 0.004, 228,1+0.000 ,005 ,7 4.78 8.41 
35 0.004 ,214,8+0.000 ,007,1 4.30 8.43 

4.37 8.77 


36 0.004, 213,5 +0.000 ,003 ,0 











From these data the most probable value is, 


p = 0.004,216,0 + 0.000,001,9 sec.-, 


1 See “Precision Method for Determining the Thermal Diffusivity of Solids,” Phys. Rev 
39, 515 (1932), referred to elsewhere in this article as “the first paper.” The method and appara- 
tus whereby the results reported here were obtained, were explained therein. The symbols used 
here are defined therein. The results reported here are for one of a series of experiments in a 
program of thermal measurements aimed toward the measurement of the Thomson effect. 

2 Analysis by Arthur D. Little, Inc. The precision of the determination (which may be 
taken as applicable also to the analysis for rod C reported in the first paper) is only estimated, 
inasmuch as more exact figures can be determined only by making a very large number of 
analyses on the same type of material and then making a careful study of the variations. 
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and the application of the pendulum correction factor of 1.00063 + 0.00005 
gives finally, 
p = 0.004,218,7 + 0.000,001,9 sec.~!. 
For this specimen, 
L = 9.501 + 0.001 cm 
and 
p = 8.840 + 0.004'gm-cm~*, 
and since 
kr* arr 


4cpL? 4L° 
ae 0.15434 + 0.00008 cm?- sec.~! 





? 


and 
k/c = 1.3643 + 0.0009 gm-cm~!-sec.~!. 


This result is about 2.8 percent higher than the result for rod C and the 
average temperature is about 16.3°C lower. According to the International 
Critical Tables, k changes about — 0.053 percent per °C temperature rise and 
c changes about +0.10 percent per °C temperature rise between 0° and 100°C, 
giving a resultant change of —0.153 percent for the ratio. Applying this figure 
to the difference in average temperature gives a change of 2.6 percent for com- 
parison with the 2.8 percent obtained. However the data for temperature 
coefficients suffer from the same shortcomings discussed for conductivities, 
etc., in the first paper, and it is probable that just as in the case of the tem- 
perature coefficient for electrical resistivity, the temperature coefficient for 
thermal conductivity and the temperature coefficient for specific heat are af- 
fected by the chemical composition and internal structure of the specimen. 
There is in fact one set of data* which shows that the thermal conductivity 
of nickel, contrary to that of other nearly pure metals, apparently has a maxi- 
mum somewhere in the region between 0° and 18°C. The comparison given 
therefore is not of great significance, but merely shows that the difference be- 
tween the values of k/c for the two cases is not widely different from what 
would be predicted from results obtained by other observers. If the method 
for the precise determination of specific heat which is in the process of de- 
velopment is successful, the variation of thermal conductivity with tempera- 
ture over the range from 0° to 100°C will be determinable by means of the 
proposed Thomson effect apparatus and hence will make possible a direct 
comparison of the thermal properties of rods C and D. An indication that 
the thermal properties of these rods are nearly identical (which is essential 
for the contemplated Thomson effect experiment) is given by the fact that 
their electrical resistivities are nearly identical. These together with the ther- 
mal diffusivities for rods C and D are shown in Table II, and as a matter of 
incidental interest, in comparison with rod A, the first rod tried, a very im- 
pure rod obtained by error which contained only 91.56 percent nickel, the 
chief impurity being manganese: 

°C. H. Lees, “Conductivity of Metals at Low Temperatures,” Trans. Roy. Soc. London 


208, 381 (1908). The specimen was “turned from a bar supplied by Messrs. Johnson and 
Matthey as 0.99 Ni.” 
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TABLE II, 
Electrical Thermal Average 
Rod resistivity Temperature diffusivity temperature 
A 19.5 microhm:cm i ey 0.10 cm?-sec.~* by 
c 10.85 20.6 0.14985 24.78 


D 10.84 20.3 0.15434 8.45 


Tabular values of the temperature coefficient for the electrical resistivity 
of nickel are in the neighborhood of +0.4 to +0.6 percent per °C tempera 
ture rise which when applied to the difference of 0.3°C between the tempera- 
tures for the resistance measurements for rods C and D still leaves the results 
in accord within the precision of the determinations. 

The runs for rod D were made under more difficult conditions than those 
for rod C in that the ambient and water temperatures fluctuated more. The 
ambient temperature finally was controlled within a few thousandths of a °C 
as far as the specimen was concerned by means of a motor-driven air blower’ 
installation having both speed and damper control. The apparatus was pro- 
tected from direct draft by a thin sheet-metal shield, the space between it and 
the outer guard tube of the apparatus being packed with waste. Ambient 
temperature for the specimen was taken as the temperature of the outer 
guard tube. This temperature control did not include the galvanometer cir- 
cuit, however, so more trouble was experienced from stray thermal electro- 
motive forces than in the tests on rod C, though the corrections necessary for 
change in the zero position of the galvanometer during a run due to this 
cause were very small. The water temperature however was subject to con- 
siderable variation due to variations in rate of water flow in the building 
mains caused by other users. In the summer time when the runs on rod C 
were made this change in water rate was of little consequence because of the 
building being nearly at the same temperature as the water, but with heat in 
the building and the water much colder the heat transfer to the water and 
hence the water temperature varied more with variation in rate of flow. 
Consequently most of the runs were made at times when little competitive 
activity was expected, and all ruas wherein a fluctuation of over +0.02°C was 
observed were discarded. Approximate corrections were applied to compen- 
sate for temperature changes in the runs retained. 

The changes in water temperature in the experiments for rod C were of 
the nature of a gradual rise or fall during a run, while in the experiments for 
rod D the changes were more sudden and sometimes in both directions during 
a run. In the former case the effect was to introduce differences in the decre- 
ments of the most probable curves fitted to the observed points for the vari- 
ous runs, while in the latter case the effect was more predominantly one of 
scattering of points for the individual runs. This is substantiated by the data, 
for while the values of p for the various runs for rod D are more closely clus- 
tered than are the values for rod C, thus giving the final result for rod D the 
smaller probable error, the probable errors for the individual runs for rod D 
are considerably greater than those for rod C; and in fact the greatest ob- 
served temperature fluctuations occurred in runs 29, 33, and 35. 
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It should be said that in computing p for rod C the results for the individ- 
ual runs were averaged without regard to their individual probable errors 
since there is no ground for inferring a relation between the probable error of 
an individual run and the weight which it should have in the average. For 
rod D however, there is (as explained above) some ground for inferring such 
a relation. However, when the average is computed by weighting each run 
inversely as the square of its probable error, the final result is affected by less 
than 1 part in 2000 and its probable error by about one-eighth, so that the 
difference lies within the probable error calculated either way. 

The only change in design of apparatus from that shown in Fig. 1 of the 
first paper was in the construction of the water deflector for directing the 
stream on to the top of the specimen, the type illustrated having been found 
to be insufficiently secure. Incidentally several rates of water flow have been 
used, varying from about 3 to 5 meters per second, with no significant differ- 
ence in the results obtained for p. 

The writer wishes to express his thanks to Mr. W. V. A. Kemp for assist- 
ance in assembly of apparatus. 
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The Molecular Process of Crystal Growth in Hexagonal Metals. 
Deposition upon Monocrystalline Hemispheres of Zinc 


By Pact A. ANDERSON* 
Department of Physics, State College of Washington 
(Received March 29, 1932) 


The growth of a single crystal rod of zinc is allowed to proceed from a small orifice 
into a mass of molten zinc and the monocrystalline hemisphere thus formed isolated 
by rotation of the apparatus. The hemisphere is subjected to uniform bombardment 
by zinc vapor and observation of the growth on its surface forms the basis for a study 
of the variation of depositional rate with crystal surface structure. It is assumed, with 
Kossel and Stranski, that the force acting upon an atom which has struck the crystal 
surface is qualitatively proportional to the number of contiguous lattice atoms and a 
“force series” is drawn up listing the relative depositional energies for eleven typical 
positions of different crystal surface structure. With the aid of this force series the 
macroscopically observed growth on the experimental crystal is interpreted in terms of 
atom-by-atom deposition. 


E DEFINE the term “molecular process of crystal growth” as the proc- 

ess by which a macroscopic crystal takes atoms or molecules from its 
environment and incorporates them into its lattice.! To describe this process 
we have to answer the specific question: what is the influence of the geometric 
arrangement of atoms at any given point of the crystal surface upon the prob- 
ability that an atom striking the crystal at that point will condense and be- 
come an integral part of the lattice? The bombarding atom may come from 
the gaseous or liquid phase or from an adjacent crystal of different orientation 
(recrystallization phenomena). 

The molecular process of crystal growth has been studied from both the 
theoretical? and experimental® angles in the cases of certain heteropolar salts 
but the investigation of the metals from this point of view has scarcely been 
begun.* Stranski® recently has extended his method of theoretical treatment 
to metals of simple cubic lattice type. With the exception of the work of Vol- 
mer and Estermann on mercury’ little if any experimental work has been 
done under conditions permitting direct and unambiguous interpretation of 
the experimental observations. 


* During the course of this work, National Research Fellow in Physics. 

1 The mechanism of formation of crystal nuclei is regarded, at least formally, as a distinct 
problem. 

2 Kossel, Leipziger Vortriige, 1928. Hirzel, Leipzig; Stranski, Zeits. f. physik. Chem. 136, 
259 (1928). 

> Kossel, reference 2, gives a resumé of this work. 

‘ The great mass of information which has been accumulated in metallographic research 
throws little light upon the fundamental crystal growth mechanism. The initial conditions are 
generally so imperfectly defined as to preclude analysis of the observations in terms of the funda- 
mental growth process. 

5 Stranski, Zeits. f. physik. Chem. B 11, 342 (1930). 

6 Volmer and Estermann, Zeits. f. Physik 7, 13 (1921). 
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Of all the possible schemes for the study of crystal growth one involving 
deposition upon a monocrystalline sphere or hemisphere is peculiarly adapted 
to furnish the maximum amount of information directly interpretable in 
terms of the elementary process of atom-by-atom growth.’ If we subject a 
spherical monocrystalline surface which is free from oxide or other impurities 
to uniform bombardment from a disperse phase slightly supersaturated with 
respect to the crystal temperature any observed differences in growth rate 
at different points of the crystal surface can be traced with some degree of 
confidence to the structure of the crystal substratum at these points; the 
initial conditions are otherwise impartial to growth in any given direction.* 
Since, furthermore, every possible crystal zone is potentially developable 
from a sphere or hemisphere a comprehensive survey of the effect of substra- 
tum structure upon growth is obtainable in a single experiment. 


EXPERIMENTAL 

Method 

The essential features of the method may be described as follows: A sin- 
gle crystal rod is grown by Bridgman’s method® in a narrow tube, C Fig. 1, 
which projects into a mass of molten zine contained in a wider tube, B. The 
growth of the rod is carried beyond the orifice of C; a hemispherical crystal- 
liquid boundary is thus formed and upon quickly rotating the tube through 
180° a monocrystalline hemisphere, strain-free and with an oxide-free mirror- 
smooth surface, is left exposed to the bombardment of zinc vapor furnished 
by the pool of metal at the other end of the tube. Regulation of the rate of 
growth on this hemisphere is effected by a simple regulation of the tempera- 
ture difference between crystal and vapor source. Continuous visual obser- 
vation of the growth is secured by using an open-wound glass tube F as the 
heating furnace. 


Apparatus and procedure 


The apparatus described here is that used in our first experiments. Some 
obvious refinements, notably the addition of an evacuated glass cylinder for 
shielding the tube from irregular air currents, and more exact control of the 
temperature gradient between crystal and vapor source by a thermocouple 
acting upon a galvanometer-photocell-thyratron circuit'’ so far have been 
found to have no decided effect upon the results and are not mentioned fur- 
ther. 

Fig. 1 is a diagrammatic cross sectional sketch of the essential parts of the 
apparatus: a Pyrex glass tube ABC blown in the form shown and the Pyrex 

7 Kossel, reference 2. 

’ The anisotropic nature of the thermal conductivity in noncubic crystals is probably signif- 
icant only when the growth rate is rapid. Gliding of “adsorbed” atoms over the crystal surface 
with final condensation at a point other than the point of impact is a factor which must, how- 
ever, be considered. 

® Bridgman, Proc. Am. Acad. Arts Sci. 60, 307 (1925). 

10 A slight modification of the arrangement described by the writer in Rev. Sci. Insts. 1, 
764 (1930). 
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furnace tube F. ABC made a sliding fit in F. F was wound with 3 mm nich- 
rome ribbon spaced 3 mm between turns, total resistance about 20 ohms, and 
the winding secured with narrow vertical bands of tale-water glass cement. 
The winding was divided into two sections, S; and Se, by an adjustable con- 
tact clamp. 7 was a thin-walled brass tube cemented over the end of C. The 
open end of F was stopped with a transite disk and the whole arrangement 
mounted on laboratory clamps in such a way that, from an initial vertical 
position, it could be rotated through 180° about a horizontal axis. 

Highly purified zine" in the form of small lumps and in quantity sufficient 
to fill Cand about one third of B with molten metal, was placed in the cham- 
ber A and V then connected by flexible metal vacuum tubing and cooled 
sealing wax joints with a Hyvac pump, McLeod gauge, mercury trap, and a 
reservoir containing nitrogen over liquid sodium-potassium alloy. After re- 
Vv 
AA 
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Fig. 1. Experimental arrangement for preparing monocrystalline hemispheres 
and subjecting them to deposition from the vapor phase. 


peated evacuation and washing of A BC with nitrogen the zinc was melted in 
vacuum and degassed by swashing the molten metal about in A under full 
vacuum. After continuing this treatment for two hours enough nitrogen was 
admitted to force the metal slowly through the 0.2 mm capillary filter con- 
necting A and B. A was reevacuated while the capillary was still sealed by a 
small quantity of molten zinc and the tube sealed off from the pump. The 
molten metal in B showed no traces of floating oxide and retained the ap- 
pearance of clean mercury after being held continuously in the molten state 


" Total impurities under 0.001 percent. Kindly furnished to me by Mr. H. M. Cyr of the 
New Jersey Zinc Company. 
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for periods as long as five days. Improvement of the outgassing vacuum from 
10°% to 10°° by addition of a three-stage mercury diffusion pump and double 
liquid air trap had no appreciable effect upon the results. 

Crystallization in C was started by slowly decreasing the current in sec- 
tion Se. The beginning of crystallization and its growth upwards toward the 
orifice was followed by the characteristic change in light reflection attending 
solidification and the final stage in the development of the hemisphere deter- 
mined by trial and error: the tube was rotated sufficiently to expose the orifice 
and the position of the solid meniscus observed. By suitable readjustment of 
the heating currents in S; and S. and of the position of the tube A BC relative 
to the temperature gradient between S; and S. the crystal-liquid interface 
was moved out into the bulk of molten metal until it took the desired position. 
Two or three trials were usually sufficient and the interface position could 
then be held practically constant for hours at a time. The heating currents 
in S; and S, and the tube position for this steady state, which is designated 
“setting 1”, were recorded, the apparatus rotated and fixed in the inverted 
position, and the currents again adjusted until the crystal was held just be- 
‘setting II”. This latter 


‘ 


low and the pool of zinc just above the melting point, 
adjustment was made by determining the currents for which the crystal just 
began to melt and the pool to solidify, then slightly decreasing the one and 
increasing the other. Having once determined these settings growth experi- 
ments could be carried out repeatedly on different crystal hemispheres with 
the same tube.” The procedure for each growth experiment was, now, (1) the 
zinc in Cand B was remelted completely, the current in S, set at the value for 
setting J, and the crystal hemisphere grown by gradually decreasing the cur- 
rent in Ss to the value for setting II. The stem and hemisphere were usually 
grown in about one hour but the process could be speeded up to half an hour 
or slowed down to two hours without apparent influence on subsequent ob- 
servations. (2) The tube was rotated and the currents brought immediately 
to setting II. 

To secure an estimate of the temperature difference between the crystal 
surface and the vapor source during deposition a dummy tube, identical to 
ABC with the exception that a thermocouple well was punched in B, and C 
blown in such a way as to allow of introducing a thermocouple junction just 
below the surface of the hemisphere,’ was put through adjustments identical 
to those in the determination of settings | and Il. The temperature difference 
in this tube was found to be about 5°C and in the actual growth experiments 
the difference was, presumably, of this order. It should be emphasized at 
once that an extremely small temperature gradient inducing growth at a rate 
so low as to approach the equilibrium or zero-growth-rate state is a desirable 
experimental condition and that the rather primitive apparatus employed 
here is not capable of the exact control required for the study of extremely 
slow growth. The results which have been obtained show, however, that infor- 

® Crystallization and remelting of zinc in a Pyrex tube does not crack the tube provided 


the temperature is maintained near the melting point. 
18 In this case the hemisphere was polycrystalline. 
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mation regarding some of the main features of growth may be gotten by this 
simple method and the consequences of a proposed theory of growth are 
checked sufficiently to warrant the conclusion that the general method of at- 
tack is sound. 


Results 


Deposition on the hemisphere began immediately after rotation of the 
tube. The phenomena observed are grouped in stages, progression to a new 
stage connoting in general the point at which a significant feature of growth 
first became visually observable. 

Stage 1: During the first half-hour the only effect observed was a slight, 
apparently uniform, dulling of the initially mirror-smooth surface of the 
hemisphere. 
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- ~ am 


~ 


# 





Fig. 2. Photograph of a typical experimental crystal after two and one-half hours de- 
position. Principal crystal axis approximately normal to plane of paper. 


Stage 2: A small patch, about half a millimeter in diameter when first ob- 
served, plane, circular, and brilliantly reflecting, appeared against the duller 
background of the crystal surface. 

Stage 3: The small patch increased continuously in diameter and clearly 
showed itself to be a plane truncating the sphere. After a total elapsed time 
of an hour three narrow brilliant bands, equidistant and comparable to the 
longitudinal lines of a terrestrial globe map, appeared. These bands converged 
at the center of the “polar” plane patch. This stage was especially striking 
and beautiful to watch. 

Stage 4: The polar plane continued to increase in diameter; it was no 
longer circular but imperfectly hexagonal with the corners of the hexagon 
undeveloped. Below the polar plane a series of step-like plane-surfaced shoul- 
ders developed, each hexagonal in form. 

Further growth was a continuation of stage 4 with each feature noted 
there progressively developing. Fig. 2 is a photograph of a hemisphere after 
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two and a half hours deposition; the heating current was shut off and the 
crystal broken out of the cold tube. This crystal was chosen for its particu- 
larly favorable orientation and is, otherwise, somewhat less perfect than most 
of the crystals which have been made. In ten of the twelve hemispheres grown 
the major crystal axis was approximately normal to the tube axis, a tendency 
which has been observed in single crystal rods by Bridgman and others and 
which is consistent with the theory of growth suggested later in this paper. 


Interpretation of results 


Fig. 3 is a photograph of a model, built up from steel ball-bearings secured 
with rubber cement, which has proved useful in visualizing the initial surface 
structure of the zinc hemisphere and in reducing the observed growth to its 
origin in single-atom deposition. With the aid of suitable guides this model 
was built in such a way that it duplicated the model which would be obtained 
by filling a spherical cavity with balls arranged in the system of hexagonal 
closest packing, dividing this sphere through the equatorial basal crystal 








Fig. 3. Model of spherical crystal surface in its initial state. Numbered white balls repre- 
sent atoms from vapor which have struck at points of different surface structure. Principal 
crystal axis normal to base of model. 


plane, and finally quartering the hemisphere. The exposed side elevation of 
the model then represents fairly acccurately a portion of the surface of a single 
crystal sphere of ideal close packed hexagonal type some 5 wu in diameter. 
The differentiation in surface structure clearly shown between (1) the unique- 
ly regular surface 5 representing the 0001 basal cleavage plane, (2) the bands 
P with the characteristic alternate-row regularity of the prismatic and pyra- 
midal zones, and (3) the irregular regions AK, furnish the starting point for in- 
terpreting the experimental observations. It is clear that in the actual crystal 
corresponding to a model of impracticable size K spreads out over practically 
the entire surface; B and P would very nearly but, on purely geometric 
grounds, never entirely disappear. What, now, is to be expected when a hem- 
isphere of this surface structure is subjected to bombardment by gaseous 
metal atoms? The white balls in Fig. 3 represent atoms which have struck the 
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crystal at points of different surface structure. Which of these atoms ts most 
likely to be held, which to reevaporate immediately? 

Table I lists these “white” atoms, a description of their positions in terms 
of the surface geometry of the crystal, and the number of lattice atoms con- 
tiguous to each. The effective diameter of a lattice atom is set equal to unit 
length and only the four innermost shells with radii 1, 2'*, (8 3)'?, and 3'” 
about the condensed atom are taken into account. The environment of any 
given atom may be described by a symbol of the form 6 3 1 9 which is 
equivalent to the statement that the atom is question has six “neighbors” at 
unit distance (direct contact), three at distance 2'?, one at (8 3)'*, and nine 


TABLE I. Relative depositional energies as a function of crystal surface structure. 


Designation Description of Number of contiguous atoms at distances: Symbol 
of position, position 1 a 2(2/3)'? gu? 
Fig. 3 
1 Edge of incomplete f) 3 1 9 6/3/1/9 


OOOL lattice plane. 


2 Edge of incomplete 
1012 pyramidal face. 6 3 1 7 6/3/1/7 
position © previously 
filled. 

3 Ditto of 2. Position 6 3 1 7 6/3/1/7 
2 previously filled. 

4 Edge of incomplete 6 2 1 9 6/2/1/9 
1010 prismatic face. 

5 Edge of complete 5 3 1 9 3/3/1/9 
OOO1 lattice plane. 

6 Edge of incomplete ’ a 
1012 pyramidal face. ~ 3 1 ] 5/3/1/7 
Position 2 not previ- 
ously filled. 

7 Ditto of 6 5 3 1 7 5/3/1/7 

8 On 1011 pyramidal .) 3 1 7 5/3/1/7 
face. 

9 On prismatic 1010 4 4 0 7 4/4/0/7 
face. 

10 On 1012 pyramidal 4 2 1 9 4/2/1/9 
face. 

11 On basal 0001 face. 3 3 1 6 3/3/1/6 


at 3'*. We now make the assumption, analogous to that previously used by 
KXossel and by Stranski in their theoretical discussion of growth in cubic crys- 
tals, that the force acting upon an atom which has struck the crystal surface 
is the sum of four force terms, each of which is proportional to the number of 
neighbors in a given shell and each of which is weighted by the radius of that 
shell. The symbol 6/3/1/9 then becomes a measure of the relative magnitude 
of the force acting upon the atom in question. Quantitative weighting, which 
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would be impossible at present, generally turns out to be unnecessary. Table 
I is arranged as a force series; it is also an energy series and a condensation 
probability series. The atom at the head of the table is acted upon by the 
maximum, that at the foot by the minimum, force and the probability of per- 
manent condensation decreases from top to bottom. 

Reexamination of the experimental observations in the light of this force 
table and the crystal model from which it is derived yields the sought for in- 
terpretation of the macroscopically observed growth process in terms of 
atom-by-atom deposition. If the force table is valid deposition will occur at 
the maximum rate, position 1, along the edges of the rudimentary polar 
plane, B Fig. 3, and of the 0001 lattice layers which form a series of steps be- 
low B in the polar region of the hemisphere. The maximum rate is maintained 
until all except the corner atoms of the hexagon in each of these layers are 
laid down; the corner atoms are bound by the slightly smaller force 6/3/1/8. 
For the beginning of a new row along the edge of one of these hexagons the 
force drops to 5/3,/1/9, position 5, and since the force is still less at the cor- 
ners of the completed hexagons, 5/3/1/7, growth will be directed toward 
rather than away from these corners. The imperfect corners exhibited by the 
experimental crystal, Fig. 2, show agreement between theory and experiment 
on this point. In contradistinction to the maximum rate parallel to the 0001 
plane, the growth rate normal to B should be a unique minimum, position 11. 
Isolated atoms initiallly present on B will evaporate and atoms striking the 
face of B will either reevaporate relatively rapidly or glide to an edge and 
there condense. Growth in this region of the hemisphere should be relatively 
very rapid parallel to, and slow normal to, the 0001 plane; the rudimentary 
plane B should grow until it eventually develops into a uniquely perfect ma- 
croscopically visible polar plane truncating the hemisphere, conclusions which 
are strikingly borne out by the experimental results." 

The next most favored positions of growth lie along the edge of a P 
band, positions 4 and 6, or in one of the zigzag furrows which initially cover 
practically the entire surface of the hemisphere, position 7. Because of the 
greater depositional energy at position 4 the first atom will most probably be 
laid down near the “equator”. After a single atom is deposited in any one of 
these positions the force acting upon the next atom jumps to 6/3/1/7, Posi- 
tions 2 and 3, and this force is maintained until a complete vertical row is 
deposited. The first effect of this deposition to be observed experimentally is 
an increase in the width and depth of the furrows. The furrows are initially 
sufficiently minute to permit specular reflection of visible light and the hem- 
isphere appears optically smooth. As the dimensions of the furrows approach 
the wave-length of visible light scattering sets in and the hemisphere is 
“dulled”, stage 1 above. The mechanism of this coarsening is indicated in 
Fig 4, which is a model of part of a single 0001 lattice plane comprising a K 


' The reality of this gliding hypothesis is being investigated by a direct method in this 
laboratory. 

' See stages 2 and 3 of the experimental observations. We have here an explanation for the 
results of Volmer and Estermann on mercury, reference 6. 
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region bounded by two P bands. Each vertical row deposited at the edge of 
a P band or in a furrow contributes one atom to each 0001 plane. The black- 
dotted white balls represent the atoms which are laid down first; deposition 
then follows along the direction of the arrows. As two columns of condensing 
atoms, moving toward each other at an angle of 120°, meet at a corner the de- 
positional energy drops sharply and growth at that corner is halted until suc- 
ceeding columns moving up en echelon meet at the corner and halt in their 
turn. The net effect is the progressive coarsening observed experimentally. 
An atom striking at any point on the face of a P band, positions 8, 9, 10, 
is held by forces which are everywhere less than the minimum force at the 
edge of the band and the effect of this differentiation upon growth should be a 
progressive widening of the rudimentary bands while their surfaces remain 
“flat”, i.e., everywhere parallel to a hexagon circumscribing the equatorial 
great circle of the sphere. Stage 3 of the experimental observations may be in- 





Fig. +. Model of a single 0001 lattice plane of the hesmisphere. Dark balls: 
initial structure. White balls: condensed atoms. 


terpreted as the stage of growth at which the widening of these bands becomes 
visible. Since the band surfaces are relatively regular in structure they appear 
as the brilliant “longitudinal lines” against the duller background of the K 
regions. The result of continued growth along the preferred tangential direc- 
tion is shown by the experimental crystal, Fig. 2. Positions 8, 9, and 10 are, 
of course, only typical of a multiplicity of surface structures which are pre- 
sumably present initially along a P band. A consideration of the variation in 
depositional energy between these few positions is, however, sufficient to 
bring out one or two more important features of growth. From the large 
value of the force term for position 8 relative to positions 9 and 10 we should 
conclude that the 1011 surface structure wherever initially present should be 
filled in. The filling-in process will leave a minute shoulder or ledge bounded 
by a 0001 plane and a low-energy pyramidal or prismatic plane. In general 
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such a ledge will be formed wherever a high-energy surface adjoins a low- 
energy surface and since, on geometric grounds and as indicated by the model, 
an alternation of high and low energy surfaces is to be expected along a rudi- 
mentary P band the first effect of growth on the surface of these bands should 
be the formation of a series of ledges. The crystal hemisphere is converted, in 
effect, into a stack of crystal plates, each plate paralleling the 0001 crystal 
plane. The edgeof a shoulder isrelatively impregnable tofurther deposition and 
growth must be directed from the inner corners of the shoulders toward the 
edges. The result will be a progressive increase in the width and depth of the 
shoulders similar to the coarsening of the furrows discussed above. The de- 
velopment of these shoulders was easily followed during deposition on the 
hemisphere from the first appearance of the longitudinal lines, which under 
a low-power lens showed a surface structure similar to the edge of an imper- 
fectly aligned pack of cards, to the point at which some of the shoulders at- 
tained a depth and width of the order of a millimeter, Fig. 2. A further con- 
sequence implicit in this interpretation is: high-energy pyramidal faces 
should not appear on the final crystal. While goniometric measurements have 
not been made for lack of the necessary instruments, rough visual examina- 
tion with a low-power microscope is sufficient to distinguish between pyra- 
midal faces of high d/a axial ratio (low-depositional energy according to our 
force series) and those of low d/a ratio (high energy). Such examination of the 
experimental crystals has failed to show a single face of low ratio among 
hundreds of high ratio. 


General significance of the results 


The study of the molecular process of crystal growth is essentially a study, 
under peculiarly simple conditions, of crystal surface forces as a function of 
surface structure and as such is capable of throwing light on related problems 
involving the action of the surface forces of solids. The hypothesis of “active 
centers” which has played such a prominent part in the development of the 
theory of adsorption and catalysis at solid-gas and solid-liquid interfaces may 
be given definite form in terms of relative depositional energies. The forces 
which determine crystal growth, and for which the bombarding atoms are in 
effect probes, must enter also as the variable factor which, for a given system, 
determines the effect of surface structure upon adsorption. Stranski’*® has al- 
ready pointed out that in solids of simple cubic lattice type the high adsorp- 
tive power of homopolar relative to heteropolar crystals may be accounted 
for by the juxtaposition of high energy positions peculiar to the homopolar 
crystal lattice. It is clear from the preceding discussion that this juxtaposition 
is characteristic, also, of zinc. In zinc the active centers are of course those 
positions which rank near the top of the force series, Table I, and the varia- 
tion of the heat of adsorption with surface structure may be expected to 
parallel the variation in the depositional energy of zinc atoms themselves."’ 

16 Stranski, reference 5, p. 348. 

17 Interesting possibilities, not discussed further, are encountered in considering the ad- 
sorption of polyatomic molecules; e.g., the modifying effect of the dissociation energy, the 


influence of the space configuration of the gaseous molecule, and the orienting effect to be ex- 
pected from fitting one end of the molecule into contiguous positions on the crystal surface. 
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Particularly significant results may be expected from combining the find- 
ings of molecular growth studies with those of the reflection of molecular rays 
from monocrystalline surfaces, whether the reflection be of specular or of 
cosine type. Cosine reflection, true condensation succeeded by reevaporation 
in the sense of the original theory of Langmuir and Wood, may evidently be 
treated by methods identical to those used in the present work, and the ac- 
commodation coefficient, to which the effect of crystal surface structure is 
relegated in the Langmuir theory, invested with specific physical significance 
in terms of the relative depositional energy. 

The major part of this investigation was done at the Jefferson Physical 
Laboratory of Harvard University in 1929-30. I should like to record my 
great obligation to Professor P. \W. Bridgman for his interest and advice dur- 
ing the course of the work. 
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On the Radial Induced Electromotive Force Discovered 
by Corbino 


By Caru A. Beck 
Department of Physics, Northwestern University 
(Received March 26, 1932) 


This effect, which is essentially the Hall effect on induced currents in circular 
disks, was found in bismuth by Corbino. According to his theory, the quantity of 
charge transported through the circuit of resistance R is —(1/8R)cySH?, where the 
coefficient, cy, corresponds to the final field H, and S is the area of the disk. On the 
other hand, K. K. Smith derived the following formula for the equivalent change of 
flux, N= —(S 4x) [ii cH dH. These expressions agree only if c is independent of H. 
Our experiments on bismuth show that the value of the coefficient derived from the 
first formula is always greater than that derived from the second. This discrepancy 
is explained by the fact that the coefficient ¢c decreases as the strength of the field in- 
creases. The ratio of Hall coefficient to resistivity, found for plates cut from the disks, 
agrees quite well with the coefficient c derived from the second formula. In antimony 
the induced effect, small and opposite in sign to that in bismuth, is found. In this 
metal, the coefficients decrease only slightly with the field and no discrepancy between 
cH, ¢. and R/p has been detected. In the case of bismuth, the graphs relating the 
induced throws and magnetic field are, for sufficiently strong fields, linear. Hence one 
can deduce simple expressions for the Hall and Corbino coefficients in intense fields. 


INTRODUCTION 


OLTZMANN,' in a theoretical study of the Hall effect, pointed out that 

in a circular metallic disk having one electrode attached to the center 
while the second electrode is in contact with the entire periphery, the lines of 
flow are logarithmic spirals when there is a magnetic field normal to the disk. 
At each point the deviation of a line of flow from the radial direction is a 
small angle, y, whose tangent depends upon the strength of the magnetic 
field and upon the material of which the disk is made. Von Ettingshausen’ 
investigated the change in resistance in such a disk of bismuth. 

It was Corbino,* however, who first demonstrated experimentally the fol- 
lowing three related galvanomagnetic effects with circular metallic disks. 

(1) Owing to the action of a steady magnetic field on a radial electric 
current, there is a circular current whose density varies inversely as the dis- 
tance from the center. On interrupting the radial current many times a sec- 
ond, the inductive effect of the changing circular current is revealed by means 
of a galvanometer connected to a coil surrounding the disk. 

(2) A steady current is sent through a disk which is suspended in a steady 
magnetic field. A torque acts upon the disk owing to the production of a cir- 
cular current. 


'L. Boltzmann, Wien Ber. 94, 644 (1886); Phil. Mag. 22, 226 (1886). 
2 Von Ettingshausen, Wien Ber. 94 (2) 560 (1886). 
3 Corbino, Phys. Zeits. 12, 561 (1911). 
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(3) The center and periphery of the disk are simply connected to a_ gal- 
vanometer. While a magnetic field normal to the disk is being established, 
there is a radial electromotive force whose sense is independent of the sense 
of the field. Corbino pointed out that this effect may be regarded as a Hall 
effect on the induced currents. 

The first effect was investigated by Corbino,’ and later by Adams,‘ Chap- 
man,® and Adams and Chapman.* An experimental study of the second effect 
was made by Smith,’ and by Smith and O’Bryan.* The third effect has hith- 
erto been tried only by Corbino,’ and he apparently has made only a few 
observations on one disk of bismuth. 

Corbino, and also Adams, showed theoretically that all three effects de- 
pend upon a certain coefficient, c, which is closely related to the Hall effect. 
According to Adams’ definition, the Corbino coefficient is the ratio of the 
transverse electric field to the vector product of the primary electric field 
and the magnetic field, that is 


Er = cEp x H. (1) 
Furthermore, if R denotes the Hall coefficient, and p the resistivity, then 
c= R/p. (2) 


This last relation was verified by Heaps® using rectangular plates, and also 
by Smith and O'Bryan’ using circular disks (second Corbino effect). 


OBJECT OF THE EXPERIMENT 


The work to be described was undertaken to investigate the third effect 
because, as before stated, the existing data were extremely meager. As this 
effect is the only one of the three which is caused by the changing of a mag- 
netic field, it was of interest to compare the values of the coefficient found in 
this manner with those found in the same piece of material by measuring the 
Hall effect and resistivity, using steady currents and steady magnetic fields. 


THEORY OF THE METHOD 


Corbino® derives the expression for the quantity of charge, Q, passing 
through the galvanometer in the third effect by using the value of the elec- 
tromagnetic energy, W, of the disk in the magnetic field, namely, 


W = cIH2S/8x, (3) 


where J is the radial current, // the magnetic field perpendicular to the disk 
and S the area of the disk. The variation of this energy in time dt duetoa 
change in the field is given, treating I as a constant, as 


4 E. P. Adams, Phil. Mag. 27, 244 (1914). 

5 A. K. Chapman, Phil. Mag. 32, 303 (1916). 

6 Adams and Chapman, Phil. Mag. 28, 692 (1914). 

7K. K. Smith, Phys. Rev. 8, 402 (1916). 

8 K. K. Smith and H. M. O'Bryan, Phys. Rev. 33, 66 (1929). 
°C. W. Heaps, Phys. Rev. 12, 340 (1918). 
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; 1 d(cH*) 
dW = — —SI— dt = e,ldt, (4) 
8r 
e, being the radial e.m.f. 
Therefore, 
1 d(cH? 
ee. (5) 
8x dt 


If the radial induced e.m.f. acts in a closed circuit of total resistance R, then 
) ; in 1 ScyH ) 
= — eat = —- — Sc : 6 

CH RS, sk \ 


where cy is the value of the coefficient corresponding to the final value of the 
field. Hence the equivalent change of flux linked with the galvanometer cir- 
cuit is, 


1 
N= OR = = — ScyH?, (7) 
Sir 
whence 
Cy = — 8N/r,?H? (Equation I) 


where ro is the radius of the disk. 

Another formula for the radial e.m.f. was derived by K. K. Smith after 
an attempt to treat J as a variable in the differentiation of Eq. (3) had failed 
because the resulting expression for N, the change of flux, could not be com- 
pletely integrated under the experimental conditions. The derivation of his 
formula is as follows. 

The induced e.m.f. round a circle of radius r described about the center 
of the disk is from Faraday’s law of induction, 


— redH/dt = fea = 2rrE, (8) 


where E, is the circular electric intensity. Therefore, E. = —(r/2)(d///dt), and 
from the definition of the Corbino coefficient, the radial electric field is given 


by 
E, = — c(r/2)(dH/dt)H. (9) 


Hence, the radial e.m.f. in the disk at any instant is, 


To ~ r dH dH ro 
er = f E,dr = — cf — — Hdr = —c— H — (10) 
0 0 2 dt dt 4 


assuming J/ and d///dt to be independent of r. The lower limit of the integral 
has been put equal to zero because in practice it is negligibly small, being 
merely the radius of the wire connected to the center of the disk. 


Now 
Tr H, 
N= f edt = — ine f cHdH. (11) 
0 Ay 
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Case I. c independent of /7 

Then if the initial field, 7/,, is zero, one has, c= —8N/r,?H?. Therefore, 
by Eq. I., cy=c. 
Case II. c not independent of // 

Differentiating N with respect to the upper limit of integration, one has, 





dN . He 
= — ri°cg— 
dH, _ 
or 
4 dN 1 
e=-—— (Equation IT). 


If one determines experimentally how the value of N changes in a series 
of observations in which, starting always with the same initial value, the 
final value of the field varies, one is thus able to find c. the value of the coeffi- 
cient corresponding to the field Hse. 


DESCRIPTION OF APPARATUS AND EXPERIMENTAL PROCEDURE 


For the purpose of obtaining strong magnetic fields, we used a Weiss elec- 
tromagnet, manufactured by the Société Genevoise. The pole faces were 50 
mm or 100 mm in diameter, depending upon the size of the disk. Fields up 
to 22,000 gauss were used. The maximum magnetizing current was about 65 
amperes and this could be regulated very closely, if necessary, by means of a 
potentiometer. The electromagnet was water-cooled, but no especially ac- 
curate control of the temperature of the magnet was attempted, the range 
being about two or three degrees. In every set of observations, the field JZ 
was repeatedly measured on reversal with a Société Genevoise search coil 
whose effective area was accurately known. 

The disks were cast in graphite molds from c.p. bismuth and antimony 
obtained from Eimer and Amend, and from Mallinckrodt. No particular at- 
tention was given to the formation of any definite crystalline structure. Some 
disks were cooled rapidly, others slowly. The dimensions are given in Table I. 


TABLE I. Dimensions of various disks. 




















Disk Radius Thickness Source Disk Radius Thickness Source 
(cm) (mm) (cm) (mm) 

Bi A; 1.8 1.09 M. Bi By 2.25 0.77 M. 
Ao 1.8 0.94 M. Ci 4.37 1.22 M. 
A; 1.8 1.08 M. C2 4.37 1.22 E.A. 
A; 1.8 1.02 E.A. Sb A 1.78 1.11 E.A. 
B, 00 0.80 M. Ag 1.78 1.11 E.A. 

M—Mallinckrodt E.A.—Eimer and Amend 


In order to measure the third effect, the disks were mounted in a circular 
brass form (Fig. 1). This is merely a hollow flat cylinder, C, with a groove in 
the edge into which the disk B was soldered with Wood’s metal. The leads 
to the disks consisted of an insulated brass wire, E, of diameter 0.8 mm or 
less, soldered into a hole at the center of the disk. This wire passed through a 
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brass tube, D which screwed into the back of the mounting. Brass has a 
very small Corbino coefficient, —1.410-* e.m.u.,* which was neglected in 
comparison with the coefficients of bismuth and antimony. A Leeds and 
Northrup high sensitivity ballistic galvanometer, Type 2285-e, with a coil 
resistance of 12.6 ohms, was used as an aperiodic fluxmeter. The circuit con- 
sisted of the mounted disk, the coil of the fluxmeter, F, a small resistance 
used in a potentiometer to control the zero reading, and also the secondary 
coil (29.25 ohms) of a Brooks’ inductometer, J, used for calibration. The 
sensitivity of the fluxmeter was 498 maxwells per cm at the actual scale dis- 
tance which was 4.86 meters. 

Since there is, necessarily, a cylindrical hole in one of the pole pieces, the 
field at the center is slightly weakened by an amount depending on the dis- 
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Fig. 1. Diagram of apparatus used for measuring the induced throws. 


tance between the pole faces. In this work the search coil was placed half- 
way between the center and edge of the disk. A simple calculation, involving 
Eq. (10) in the theory, shows that the assumption that the field, as measured, 
is uniform over the disk's surface, does not lead to appreciable error. Also, 
the residual field was found to be comparatively small, and it was neglected 
in applying Eq. I since the throw varies with the square of the field. It is to 
be noted that if the residual field is constant, its value has no effect whatever 
on the determination of cz in Eq. II. 

If the Corbino e.m.f. is the cause of a throw © on the fluxmeter, and a 
known change of flux, N’, gives a throw, 0’, on the same instrument, then 
N=N’O/0’=KO and, if Eq. 1 is valid, cy = —8KO/r,2//?, where K is a con- 
stant. 
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On the other hand, the use of Eq. II involves the determination of the 
slopes of a graph of © against the final field, 7/2. That is, 
4 dN 1 4K dO 1 


re a (14) 
re dHs Hz 


gas <-orrSE 


ro? dHe He 


Observations of © were taken in sets of four, that is, two on the establish- 
ment and two on the removal of the field. Furthermore, several such sets 
were taken at each field used. The effect is not very large, although with bis- 
muth disks in strong fields, throws amounting to nearly 20 cm were obtained. 
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Fig. 2. Diagram of apparatus used for measuring R and p. 


Since it appeared impracticable to increase the sensitivity of the fluxmeter, 
several vacuum tube circuits were tried, including one similar to Kellogg’s!® 
arrangement for amplifying the kick produced by the discharge of a con- 
denser. All these attempts failed, and it may be surmised that, since the 
quantity of electricity which flows radially in the disk varies inversely as the 
resistance of the circuit, a successful ballistic amplifier in this case must have 
a low resistance. 

In order to find the Hall coefficient, each disk was removed from the 
mounting and waxed to a glass plate. Four wires of the same material as 
that of the disk served as leads, two of these being connected to a galvanom- 
eter which measured the Hall e.m.f. generated. Not many readings were 
taken as this method served merely as a check on the value of R which, to- 


10 J. M. B. Kellogg, Thesis: “A Ballistic Amplifier,” State University of Iowa, 1929. 
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gether with p, was found by a method used by Heaps.® For this purpose, the 
disk was cut into rectangular form (Fig. 2) with an odd number of teeth 
formed in each edge by careful sawing. The leads to these teeth were of con- 
stantan wire No. 40, which provide enough resistance to prevent stray cur- 
rents. The wires, c and d, were of the same material as that of the disk itself 
and sufficiently long to extend outside of the field. Measurements of R and p 
were first made with these wires in the position shown. They were then re- 
moved, and soldered to the midpoints of the other two sides, after which 
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Fig. 3. Curves showing the induced throws, the initial field being zero. 


similar measurements were again taken. Several sets of observations were 
taken at each field in order to obtain R and p by the equations, 


R = D'st/I,H (15) 
p = D" sbt/al, (16) 


where D’ and D”’ are deflections, s is the voltage sensitivity of the d’Arsonval 
galvanometer used, ¢ is the thickness of the plate, and J, and J, are currents 
parallel to the length, a, and breadth, d, of the plate. It was necessary, when 
finding these values for antimony to use a galvanometer of very high sensitiv- 
ity. Thermal effects, in this case, were especially annoying and, for that 
reason, the whole specimen, mounted on a piece of bakelite, was placed in a 
narrow cell containing transformer oil. This removed all unsteadiness, and 
left only a small drift. 
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EXPERIMENTAL RESULTS 


The writer worked with eight bismuth disks and two antimony disks. The 
throws observed in the Corbino effect are plotted in Figs. 3 and 4 against the 
final field. Except in the case of Bi B,, throws at a given field are in the order 
of the sizes of the disks. For bismuth the graphs are linear in strong fields, 
but in weaker fields, they curve toward the origin. However, in the weaker 
fields, the observed throws do not decrease as rapidly as the square of the 
field decreases. 

Fig. 5 shows the throws obtained with Bi C,, (A) with the initial field al- 
ways about zero and (B) with the initial field always about 9000 gauss. The 
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Fig. 4. Additional curves showing the induced throws, with initial field zero. 


parallelism of the two graphs shows that for any final field, the value of the 
coefficient c. in Eq. II does not depend upon the initial field. 

On account of limitations of space, only a small part of the calculated re- 
sults can be exhibited here. The Hall coefficient, the Corbino coefficient and 
the resistivity vary considerably from disk to disk, the variation of the Hall 
coefficient being greatest, and that of the resistivity least. The larger part of 
these variations is probably to be attributed to differences in the crystalline 
structure. The main interest, however, is in comparing cy, cand R/p for one 
and the same disk. It was not thought necessary to include graphs showing 
the variations of the Hall coefficient, since the value of R was of interest only 
because it appears in the ratio, R/p. The resistivity curves, (Fig. 6), for bis- 
muth are straight lines at high fields. 
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The coefficients, ¢y and cz, and also R/p as functions of H are plotted for 
comparison in Figs. 7, 8, and 9 for Bi Ai, Bi As and Bi Bs, respectively. 
As in the case of the other disks, there is a good agreement between ¢ and 
R/p while the value of cy is considerably higher than R/p. Since the Corbino 
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Fig. 5. Curves showing the induced throws for Bi C,, the initial field zero for the upper and 
about 9000 gauss for the lower curve. 
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Fig. 6. Resistivity of the various disks. 
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coethicient decreases as the field increases, the value of c, as found from Eq. 
I is not the true coefficient at the final field, but rather at a field between 
zero and the final field. In the case of Bi B, as shown, there is a good agree- 
ment between c. and R/p when the leads ¢ and d are in one position, but some 
divergence when these leads are connected to the other sides. This is prob- 
ably due either to a lack of isotropy in the specimen or to a change produced 
by handling or heating, although previous tests made on other disks had 
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Fig. 7. A comparison of cy, ¢: and Rp for Bi A;. Circles cy from Eq. I; 
Triangles, c. from Eq. II; squares, R/p. 
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Fig. 8. A comparison of cy, ¢: and R/p for Bi A;. Circles, cy from Eq. | 
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’ 


proved that the leads c and d could be removed and replaced without appre- 
ciable effect upon the measurements. There is a similar discrepancy also in 
one of the other disks, but, on the whole, the agreement of c. and R/p can 
be considered quite good. 

In Table II, we see the disagreement between cy and c for Bi A; while 
the results in Table III prove the agreement of R/p with the co. 
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The values which are given by Corbino’ for the third effect in bismuth are: 
H (gauss) : 3700 6100 7250 8100 8650 
c X 10’ (e.m.u.): 2X 770 2 X 490 2 X 450 2 X 440 2 X 430 


The factor 2 was introduced after an error was discovered by Corbino." 
These values are much higher than any found in this work, or by observers 
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Fig. 9. A comparison of cy, cand R/p for Bi By. Circles, cy from Eq. I; triangles c. from 
Eq. II: black dots and crosses, Hall primary current first in one direction, then in the per- 
pendicular direction. 
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TABLE II. Bi A. 











H throw Cy X10? (e.m.u.) Slope d@/dH, ¢2X10' (e.m.u.) 
(gauss) (cm) (Eq. I) cm/kilogauss (Eq. IT) 
20 ,400 6.71 — 199 
19,700 6.24 199 
19,000 5.93 202 
18 ,000 0.39 — 133 
18 ,000 5.55 211 
17 ,000 0.39 140 
16,600 5.00 224 
16,000 0.39 149 
15 ,000 0.39 159 
14,300 4.25 255 
14,000 0.39 171 
13 ,000 0.39 184 
11,900 3.25 283 
11,000 0.38 210 

9,100 2.20 328 
7 ,000 ae 344 
6,400 1.32 396 
6,000 0.31 320 
4,900 0.78 405 
3,800 0.54 470 
3,000 0.20 420 








of the first and second effects. L. L. Campbell" gives values which lie in the 
same region as those in the present work. 


1! Corbino, Phys. Zeits. 12, 845 (1911), footnote. 
2 L. L. Campbell, “Galvanomagnetic and Thermomagnetic Effects.” p. 132, 1923. 
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TABLE III. Bi A,. R and p by rectangle method. 





Hall Resistivity 








Field deflection R deflection pX1075 c=R/pX10' 
(gauss) (cm) (e.m.u.) (cm) (e.m.u.) (e.m.u.) 
18 ,100 5.08 2.92 8.47 2.5 — 136 
17,100 4.80 2.96 8.14 2.06 143 
16,100 4.76 3.08 7.95 2.01 153 
14,800 4.49 3.15 7.55 1.91 165 
11,700 3.89 3.46 6.71 1.70 203 
10 ,400 3.60 3.63 6.40 1.62 224 

Electrodes joined to the other sides. 
17,700 $.12 2.98 8.04 2.21 135 
15,100 4.575 3.11 &.. 2.06 151 
14,500 4.49 3.19 aun 1.98 161 
12,200 4.08 3.44 6.64 1.83 188 
10/900 3.79 3.58 6.25 1.72 208 

8,900 3.35 3.87 5.84 1.61 240 

4,900 ye | 4.67 4.95 1.36 344 

I,=1.02 amperes. J,=0.4 amperes. 








For antimony in strong fields, the curves (Fig. 3), representing the throws 
are not linear as in the case of bismuth. They are nearly parabolic in form 
which is, of course, the form that will yield, by Eq. II, a constant value of 
the coefficient c.. The resistivity is practically constant, within the limit of 
experimental error, over the range of fields used. The comparison of the three 
coefficients, Cy, C2 and R/p for one of the antimony disks is shown in Fig. 10 
and in Tables IV and V. Since there is not much variation with strength of 
field, all three show the expected fair agreement. 
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Fig. 10. Sb A». Circles, Cy from Eq. I; triangles C, from Eq. II, squares R/p. 


It must be noted here, however, that the Corbino deflections are very 
small, and it is therefore difficult to obtain precise results. The average value 
of the coefficient for antimony is given by Campbell"? as +40X10-7 e.m.u. 
One of the disks (Sb A;) yields a value over the range of fields used of about 
40 X 10-7 while the other gives a little over 50 X 107’. 


SUMMARY AND DISCUSSION 


It has been shown that (1) in the case of bismuth, in which the Corbino 
coefficient varies with the strength of the field, the value of the coefficient 
found from Corbino’s equation for the induced effect does not agree with the 
value of R/p. (2) The expression for the induced throw, derived by K. K. 
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TABLE IV. Sb A>. 



































H Induced throw cy X10? (e.m.u.) Slope dO/dH. = ¢,X 107 (e.m.u.) 
(gauss) (cm) (Eq. I) (cm/kilogauss) (Eq. IT) 
22,000 1.98 51 
20 ,000 1.63 51 0.16 51 
18 ,000 1.33 51 0.15 52 
16,000 1.04 51 0.13 52 
15,200 53 
14,000 0.79 50 0.13 52 

TABLE V. Sb Ao. 

H R pX10-° c=R/pX107 
(gauss) (e.m.u.) (e.m.u.) (e.m.u.) 
11,980 0.21 —— 
11,850 0.41 52 

9,270 0.22 0.41 55 
6,600 0.23 0.40 57 
4,500 0.23 0.40 57 
3,720 0.22 0.40 55 

I, =100.5 milliamps. I,=21.4 milliamps. 








Smith, yields for both bismuth and antimony a good agreement between the 
Corbino coefficient and R/p. (3) In the case of antimony, in which the coeffi- 
cient varies only slightly with the strength of the field, the use of Corbino’s 
equation leads to na observable discrepancy. (4) For fields sufficiently strong 
the graphs for bismuth relating the induced throws and the magnetic fields 
are straight lines. Since for this region the slope is independent of the field, 
it follows that c/J/,.=k, a constant for a given disk. In this same region, the 
resistivity graphs are also linear, that is, p=a//2+, and therefore the Hall 
coefficient is R=ka+kb/IT,. Table VI shows the values of k, a and 6 for five 
of the bismuth disks. 

Now if the graphs for the induced throw and resistivity, respectively, con- 
tinue to be straight indefinitely, then the conclusion that the limiting value 
of R is ka seems to be justifiable. And it would follow from Eq. II that the 
Corbino coefficient would then approach zero asymptotically in very intense 
fields. Mazzari'* found that for the bismuth disk he used, the Hall coefficient 
above 29,000 gauss had the constant value, — 2.63 e.m.u. It would be of inter- 
est to determine experimentally the limiting value of the Corbino coefficient 
in very intense fields. 


TABLE VI. (Values in e.m.u.) 














Disk k a ka b 

Bi Az —0.36 8.9 —3.2 1.1810 
A; —0.26 7.8 —2.0 1.13105 
Bz —0.29 7.6 —2.2 1.1010 
A, —0.24 6.7 —1.6 0.97 x 10° 
A; —0.23 5.9 —1.4 0.92 10° 








13 A. Mazzari, N. Cimento 5, 215 (1928). 
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Now Kapitza" has found as the result of extensive experiments on a large 
number of elements, that the resistance of a metal increases according toa 
quadratic law in weak fields, and according to a linear law in stronger fields. 
This seems to be in agreement with Mazzari’s observation on bismuth, and 
also with our experiments which indicate that the Corbino coefficient in 
strong fields varies inversely as the strength of the field. 

On the other hand, N. H. Frank,” on the basis of Sommerfeld’s theory of 
metallic conduction, deduced the following expression for change of resist- 
ance, namely 


p 1+ Ci? 

where B and C are constants for a given metal. Sommerfeld and Frank'® 
state that “in the transition region between the quadratic law and the ap- 
proach to saturation, this function represents all of Kapitza’s results fully 
as well as this linear law.” According to the theoretical formula the relative 
change of resistance approaches a saturation value, B/C, in very strong fields. 
The “constant” C is R®/p?, the square of the Corbino coefficient. Hence one 
would not expect that the Frank formula would be applicable in the anoma- 
lous case of bismuth. And our experiments in antimony, for reasons stated 
above, are by no means precise enough to reveal the slight variations of R, 
c and p as the strength of the field increases. 

In conclusion the writer wishes to acknowledge his indebtedness to the 
Physics Department of Northwestern University and, in particular, to ex- 
press a deep appreciation of the constant interest and suggestions of Profes- 
sor K. K. Smith, who proposed the problem and kindly permitted the publi- 
cation in this paper of the equation he developed. 


4 P. Kapitza, Proc. Roy. Soc. Al23, 292 (1929). 
18 N. H. Frank, Zeits. f. Physik 64, 650 (1930). 
© A. Sommerfeld, and N. H. Frank, Rev. Mod. Phys. 3, 1 (1931). 
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Note on the Transmission and Reflection of Wave 
Packets by Potential Barriers 


By L. A. MacCo.u 
Bell Telephone Laboratories 
(Received January 14, 1932) 


In previous studies, by the methods of wave mechanics, of one-dimensional mo- 
tion of particles in cases in which there are intervals in which the value of the potential 
energy function V(x) exceeds the value of the total energy E, attention has been con- 
fined to wave functions of the form f(x, E) exp (—27iEt/h). In the present note wave 
packets are considered, instead of these trains of waves. 

The function V(x) is taken as follows: 


V(x) = 0 for x < O and for x > a, 


Vo>Ofor0<x<a. 


A wave function is set up which initially represents a wave packet moving toward the 
point x =0 from the left. The separation of the incident packet into a reflected packet 
and a transmitted packet is studied. It isfound that the transmitted packet appears at 
the point x=a at about the time at which the incident packet reaches the point x =0, 
so that there is no appreciable delay in the transmission of the packet through the bar- 
rier. 


HE recent literature on wave mechanics contains a large number of 
papers dealing with the one-dimensional motion of particles in cases in 
which the potential energy function, V(x), has various arrangements of large 
and small values. According to classical mechanics, if the value of V(x) at 
each point of a certain interval exceeds the value of the total energy, E£, of 
the particle, the particle can neither enter nor pass through that interval. It 
is for this reason that such an interval, or the function V(x) in such an 
interval, is called a “potential barrier.” According to quantum mechanics a 
potential barrier is not an absolute barrier to particles with small total energy; 
such a particle may either be reflected or transmitted by the barrier. 
Apparently, in all of the work which has been done hitherto on problems 
concerning potential barriers, attention has been confined to solutions of the 
wave equation which are of the form 


W = f(x, E) exp (— 2riEt/h). 


As is known, such solutions apply to cases in which the particle has the pre- 
cisely determined value E of total energy and in which the relative probabil- 
ities of finding the particle in various intervals are independent of the time. 
The typical problem which has been considered heretofore may be stated as 
follows: Assuming that the particle is moving toward a certain potential 
barrier with total energy E, what is the probability that it will pass through 
the barrier? 

The solution of such a problem can give no information about the manner 
in which the particle traverses the barrier, when it does. It has been pointed 
out by Condon! that it would be interesting to consider problems, involving 


1 Condon, Revs. Mod. Phys. 3, 76 (1931). 
621 





9 eee 3 


1 
7 
i 
' 
» 
‘ 

’ 








622 L. A. MACCOLL 


potential barriers, in which the relative probabilities of finding the particle 
in various intervals are not independent of the time. It is only in the sense of 
studying such probabilities that we can investigate, by the methods of wave 
mechanics, the transmission of a particle through a barrier. The present note 
is devoted to the study of a simple typical problem of the kind suggested by 
Condon. 

We shall employ the potential energy function which is defined by the 
equations 


V(x) = 0 x <0, 


Vo>0 0O<xK<a, 


| 


= () ere. | 


We shall take a suitable elementary wave function of the form f(x, -) 
exp |—27iEt,h]| and effectively integrate it with respect to E over a certain 
range, thus producing a new wave function. It is required that at ¢=0 this 
wave function shall form a wave packet, the bulk of which lies to the left of 
the point x = 0 and is moving toward the barrier. The problem is to study the 
way the wave function changes with time, and, in particular, to study the 
development of the function in the interval x >a. There arises the question 
of whether we should select the elementary wave function and the interval of 
integration so that the resulting wave function shall initially be identically 
zero in the interval x >a, or so that no values of E greater than WV shall occur 
in the composition of the function, that is, so that the function V(x) shall be 
definitely a barrier. The second of these choices is the one made here, because 
it seems on the whole to represent the more interesting situation, and because 
it leads to the simpler analysis. Of course, this choice gives us initially a 
certain non-zero value of the probability that the particle be in the interval 
x>a. But, as this value is small compared with the initial value of the 
probability that the particle be in the interval x<0, and compared with the 
final value of the probability that the particle be in the interval x >a, no real 
difficulty is created by the fact that this initial value is not zero. 

As the exact solution of the problem is expressed in terms of definite 
integrals which are difficult to evaluate numerically, the discussion is con- 
fined to the simpler qualitative features of the wave function. This discus- 
sion suffices to give a rather clear idea of the properties of the solution. 

The chief result of the study can be stated as follows: The probability 
that the particle be in the interval x >a is initially small; as time goes on this 
probability increases, rather slowly at first, much more rapidly in the 
neighborhood of the time at which the bulk of the incident wave packet 
reaches the point x=0, and then more slowly again; the time interval during 
which this probability undergoes its chief variation is substantially inde- 
pendent, both as to location and as to length, of the height and width of the 
barrier. 

Consider the function V(x, ¢) which is defined by the following sequence of 
equations: 
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Y= Vv; a Wo, zs < Q, ) 
= WV; — V;, e<s< ad, \ (2) 
= ¥W;, x> 4a; 


v= | ‘exp [— (w — Eo'!*)*/(4A2) + ik(a + x0) w — 2ritw* /h\dw, 


ve= f Bi(w? ) exp [— ( w— E)! #3, (4X7) — ik( > = Xo) Ww —_ 2ritw* /h\dw, 





Vs 


| ‘ada v*) exp [- (w — Eo'!/*)?/(4d*) + ka(Vo — w*)'/? 
q + (3) 


4. ikxow _ 2ritw* /h |dw, 


Bs .(w?) exp [— (w — Eo'/?)?/(442) — ka(Vo — w?)!/? 


uw 


+ — — Iritw*/h|dw, 


w= f a3(w*) exp [| —(w— Eo'/?)? (44°) + tk(x+ x9 — a) w— 2ritw*/ h\dw;) 


ch[ka(Vo — w?)'/? — 16] 











B,(w*) =— 1 — 2isin#@ 
. sh[ka(V 9 — w)i? — 2i0) | 
exp [— ka(Vo — w*)'/2 + id | 
a(w*) = — ida 8 —— 
| sh[ka(V a FF *)! 2 — 2i0| 
| 
exp |ka(Vo — u lanl (4) 
Bo(w*) = — isin oe alts em | 
sh[ka(Vo — w?)'/2? — 20] 
i (w?) — isin 26 
a;(w*) = ——_———— » 
sh[ka(Vo — w?)'/2 — 230] 
@ = arc tan [w/(Vo — w*)'/?]. } 


Here X, Xo, #1, Eo, and we, are positive numbers, and 


0< w, < Eq!!? < we < V,!/? 





We write 
f 8r°m/h? = k?, 


where m is the mass of the particle under consideration. 
It is easy to verify that the function W(x, ¢) satisfies the Schrédinger non- 
relativistic wave equation 
ae a 
—— i} ()+— —|=0, 
Ox* 2ri Ot 
and that, for any fixed value of t, ¥ and 0W/0x are continuous functions of x.* 


2 Of course, the solution is set up by the familiar device of obtaining an elementary solution 
of the form f(x, w) exp “ 2ritw*/h), and then integrating with rsepect to w. The limits of 
», rather than 0, Vo'/?, merely in order to make the problem of veri- 





integration are taken as w, w 
fying the solution a little py 
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The integrals in Eqs. (3) are difficult to evaluate numerically; we shall 
merely discuss them qualitatively, avoiding certain extreme values of the 
parameters a, Vo, Eo, A, wi, Ww. To state the complicated facts rather loosely, 
it will be shown that when ¢=0 the function WV is a packet of waves concen- 
trated about the point x= —.x». As ¢ increases the packet moves to the right, 
gradually spreading out. The bulk of the packet strikes the barrier, that is, 
reaches the point x=0, at about the time f=xo|2Eo/m|-'? and the packet 
then separates into a reflected packet and a transmitted packet. The re- 
flected packet moves indefinitely to the left. The transmitted packet starts 
to the right from the point x=a when the original packet strikes the barrier. 
The transmitted packet, as it leaves the point «=a, is of substantially the 
same form, except for a constant factor, as the original packet when it 
reaches the point x=0. In the interval 0<x<a the function WV is nearly a 
monotonic decreasing function of x multiplied by a function of ¢ which is 
small when ¢=0, has appreciable values in the neighborhood of the instant 
t=xo|2E) m]-“2, and ultimately becomes small again. 

To a great extent, the qualitative properties of VY can be deduced from 
those of the function V;. Hence, we shall first consider the latter function. 

If Eo’? —w, and we— Ey!” are fairly large, and if \ is not too large, we can 
write approximately 


v= f exp [- (w — Eo'!*)*/(4X°) + ik(x + xo) w — 2ritw?, h|dw. (5) 


In order that this approximation shall be legitimate we must assume that the 
numbers 
(Eq'/? — wy)/(2d), (we — Eo!/*)/(2N), 
are sufficiently large, say somewhat greater than unity. We make this as- 
sumption. 
From (5) one obtains the following relation by means of some elementary 
transformations. 


exp [Eo/(4d2) — [Eot/? + 2id2k(x + xo) |2/[4A2°(1 + 82 id2t/h) | Wr 
oo [—(1+ 89 id7e/h)]'/? 
= 2a[- (1+ srint/i) |" f exp w'dw. 
—col— (148 id?t/ h)]!/2 
The limits of integration indicate that the path of integration is the entire 
straight line passing through the points w= + | —(1+8mi\2t/h) ]"?. It can be 
shown without difficulty that the value of the integral in the right-hand mem- 
ber of the preceding equation is iz'/*. Hence, we have the following approx- 
imate expression for the function defined by the first of Eqs. (3): 


Wy = 2/21 + Sridt/h)—/? exp [— Eo/(4d*) 
+ [Eo!/? + 2ir2k(x + xo) |?/[42(1 + 8rid%t/h) |]. (6) 


The principal qualitative properties of the function ¥, can be obtained 
readily from the approximation (6). Let us consider the absolute magnitude 
of ¥,. We have, approximately, by (6), 
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Wi | = 2dwl/2(1 + 640°A42/h2)—/4 exp [(1 + 640°A42/h?)-! 
- [Eo — 4d4h2(x + 2x0)? + 32rd4k(x + x0) Eo!!2t/h](4d2)-! — Eo/ (4X2) }. 
This shows that, for any fixed value of t, | ¥i| has its greatest value near the 
point determined by the equation 
x + xo = 4rkEy)!2t/h = (2Eo/m)'*t. 
At the point where | ¥,| is a maximum we have approximately 
| Wi) = 2dwl/2(1 + G4er2A4e2/h2)-1/4, 
It is to be observed that we have approximately 
W(x, 0) = 2Ar'/? exp [- N2RA(x + x0)? + k(x + xo) Eo!/?]. 

The chief qualitative properties of the function ¥, are now apparent. 
When ¢=0 the function is a packet of complex waves which is extremely small 
except in the neighborhood of the point «= —xp». As ¢ increases the packet 
moves to the right with speed which can be estimated as equal to (2E9/m)"?. 
As the packet moves forward it spreads out, and the maximum absolute value 
of the function ¥, diminishes. 

If, as we assume, Ey and Vo — Ey are large, and a is not too large, the func- 
tions 8,(w*) and a;(w*) vary only slowly in the neighborhood of the point 
v= E,?, which is the important part of the interval of integration w,;sw 
<w». Hence, we can write, approximately, 

Vo(x, t) = Bi (Eo) ¥i(— x, t), (7) 
W5(x, t) = a3(Eo)V (x — a,t). (8) 


al 


According to (7), the function V2 is approximately, aside from a constant 
factor, merely the function ¥, with the sign of x changed. We now perceive 
the qualitative nature of the function WV in the interval x <0. Initially we have 
a packet of waves concentrated about the point x= —xp . As ¢ increases the 
packet travels to the right, gradually spreading out and diminishing in max- 
imum absolute magnitude. The bulk of the packet reaches the barrier at 
x=0 at about the instant t=(2Eo/m)~—*xo. Thereafter, the packet is mul- 
tiplied by a nearly constant factor, and it travels indefinitely to the left, 
gradually spreading out as before. 

Eq. (8) displays the nature of the function ¥ in the interval x >a. Initially 
the function is small throughout the interval. In the neighborhood of the in- 
stant t=(2E,/m)~‘*x» the function begins to have appreciable values in the 
neighborhood of the point x =a. Thereafter we have a wave packet moving off 
indefinitely to the right, and gradually flattening out. As the function 
a3(w*) is small throughout the more important part of the interval of integra- 
tion, the packet which moves to the right from the barrier is smaller than the 
packet which impinges on the barrier from the left. 

It is significant that W(x, ¢) first attains appreciable values in the interval 
x >a when the bulk of the incident packet reaches the point x=0. In this 
connection it is interesting to compute the probability P(t) that the particle 
be in the interval x >a at the instant ¢. It is easily found, on the basis of the 
approximations already made, that 
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2 


P(t) = f | W(x, 2) | %dx = 23/2rdk-| a3(Eo) | ? [ edu, (9) 


¥Q 
where 
Q = 2'2\[hkxo — 4rEo' 2] [h? + 640242 ]-12. (10) 
These equations show that, to within the accuracy of the qualitative discus- 
sion given, the probability P(t) does not depend on the height or width of the 
barrier, except through the constant factor | a@3(Eo)|?. In particular, the in- 
stant of most rapid increase of P(t) is independent of Vo and a. 

It remains to examine V(x, ¢) in the interval 0 <x <a. 

On the assumption that ka(Vo— Eo)? is fairly large, the function 82(w*) 
is much larger, numerically, than a2(w*) throughout the more important 
part of the interval of integration. It follows that VW, is larger than W; in the 
interval 0<x <a, except, possibly near the point x =a where both functions 
are small. Hence, throughout most of the interval 0<x«<a the function V 
is nearly equal to WV. 

Now, throughout the more important part of the interval of integration 
exp [—kx(Vo—w")"?] is a slowly varying function of w. Therefore, we can 
write approximately, 


WV; = exp | — kx(Vo — Ey] f " Bo(w?) exp [— (w — E,'/*)?/(4X2) 


(11) 

+ ikxow — 2ritw?/h|dw. 
This equation shows that iW, is approximately a monotonic function of x 
multiplied by a function of ¢. The fact that VW is a continuous function of x, 
together with the facts which we have already deduced concerning WV in the 
intervals x <0 and x>a, shows that the function of ¢ must be small when 
t=0, must attain appreciable values in the neighborhood of the instant 
t= (2E/m)~?xo, and must ultimately become small again. 

In conclusion a word should be said about two physically important limit- 
ing cases which immediately come to mind. These are the cases in which we 
have Vo>=Oand V)=®, respectively. 

The present theory is in no way applicable to the case V)=0. In order to 
treat this case we would have to consider cases in which the wave packet 
contains elementary wave functions pertaining to values of E which are 
greater than Vo. However, for the sake of simplicity, and in order to confine 
the discussion to those problems that seem to possess the most interesting 
features, such cases have been explicitly excluded from consideration in this 
paper. 

On the other hand, the theory does apply to the case in which Vp=@. 
We need only observe what happens when we take Vo greater and greater 
without limit, Eo being left unchanged. It results that the magnitude of the 
transmitted wave packet (measured in any convenient way) becomes smaller 
and smaller, and vanishes in the limit. Thus, in the limit the wave function is 
identically zero on the far side of the barrier, so we have perfect reflection. It 
is interesting to observe that the perfect reflection is explained simply by the 
vanishing of the magnitude of the transmitted packet, and not by the packet 
suffering an infinite delay. 
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An approximate calculation of the total surface energy of nonpolar liquids is 
made, by using forces obtained from quantum theory. The formula obtained is some- 
what different from that previously used by Margenau, and it is suggested that his 
calculation gives either the free surface energy, or some closely related quantity. The 
calculations are made by assuming both that the positions of the molecules obey the 
simple Maxwell-Boltzmann distribution law appropriate to a dilute gas, and that the 
distribution is uniform outside of the excluded regions caused by the (approximate) 
impenetrability of the molecules. For argon, neon, nitrogen, and oxygen the experi- 
mental values lie between those computed on these two extreme assumptions; for 
helium the calculated value is too great, even when uniform distribution is assumed, 
due probably to the importance of zero-point energy for liquid helium. The heat of 
vaporization has been calculated in a similar way and for it also the experimental 
values lie between those based on the two different distributions, except for helium, 
where the zero-point energy shows up still more prominently, as would be expected. 


INTRODUCTION 


T IS possible to derive from quantum mechanics‘ approximate expressions 

for the polarization attraction between nonpolar molecules. This calcula- 
tion, taken in conjunction with experimental values for the kinetic theory di- 
ameter, gives a rough picture of the interaction of such molecules. The actual 
repulsion at small distances, which is due to exchange interactions, does not, 
of course, suddenly become infinite, as is implied by the use of the term “di- 
ameter”; this repulsion does rise very rapidly, however, as the separation is 
decreased, and hence the model of a rigid sphere surrounded by an attractive 
field is not wholly unreal. It is of some interest to see whether or not the 
properties of liquids can be accounted for by this model. We shall consider 
here the calculation of the surface energy and of the heat of vaporization of 
nonpolar liquids. 


THEORY OF SURFACE ENERGY 


This problem has been treated by Margenau,° but his results are not en- 
tirely satisfying, as we shall show presently. 

When the surface area of a liquid is increased in an isothermal system, 
there will in general be mechanical work done and heat absorbed. The sum of 


1 Published by permission of the Director, U. S. Bureau of Mines. (Not subject to copy- 
right.) 
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4 Eisenschitz and London, Zeits. f. Physik 60, 491 (1930). 
5 London, Zeits. f. Physik 63, 245 (1930). 

6 Margenau, Phys. Rev. 38, 365 (1931). 
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these gives the increase in the total surface energy of the system. The quan- 
tity that is ordinarily measured is the surface tension ¢; ¢ is related to the 
total surface energy U’, by the thermodynamic equation 


U =a — T(00/dT) — p(do/dp). (1) 


The last term on the right, which corresponds to pAV, is usually quite 
negligible. The surface tension itself corresponds to the free energy of the sur- 
face. A detailed theory should therefore be compared with experiment in terms 
of ¢, but since this quantity varies greatly with temperature a crude theory 
can scarcely be expected to give a satisfactory temperature dependence. 
Hence its results may be more suitably compared with U, which is almost in- 
dependent of temperature. 

To calculate the total surface energy of a liquid, imagine an infinite body 
of it divided into two portions by a geometrical plane. Suppose that every 


Rl 





di 








Fig. 1. 
molecule in the liquid remains fixed in position in its proper half as the two 
halves are separated; the work necessary to carry out this separation is then 
merely the mutual potential energy of the two portions of liquid. The separa- 
tion having been completed, permit the surfaces formed to rearrange them- 
selves; in this process, the surface layers will expand, and will absorb heat. The 
work done in the separation plus the heat absorbed in the rearrangement give 
the total surface energy. Since, however, we have not carried out an equilib- 
rium process, and the separate work and heat terms have no direct thermo- 
dynamic interpretation, all we can say is that the work done is greater than 
o, and the heat absorbed less than [—7(é0/57)]. Although we are not able 
to calculate the heat term, since we do not know the variation in density near 
the surface of the liquid, the work term is easily found as follows. 

Suppose that there are m molecules per cc in the interior of the liquid, and 
that the mean number of molecular centers per cc at a distance z from the 
center of a chosen molecule is nf(z). Let the mutual potential energy of two 
molecules at this distance be E(z). The mutual potential energy of a molecule 
with respect to the molecules in an annulus located as shown in Fig. 1 is then 
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readily seen to be 27nzf(z)E(z)dzdr. By integrating from z=r to © and 
from r=y to © we obtain the mutual potential energy between a molecule 
and a body of liquid at the distance y. Furthermore, since the number of 
molecules per cm* of interface at a distance between y and y+dy from the 
interface is ndy, the total mutual potential energy of the two halves per cm* 


is finally: 


W = 2an* f ay ff ar fx 2) E(2)dz. (2) 


By successive integrations by parts, proceeding from left to right, it fol- 


lows that: 
dant fr rir f af 2) E(s)dz 


en fo 2° f(s) E(s)dz. 
0 


W 
(3) 


This equation is evidently valid even though the integrand in the integral 
be discontinuous, as will be presently supposed, since nothing except con- 
vergence requirements was assumed in the reduction of Eq. (2) to Eq. (3). 

The contribution, U, to the total surface energy per cm? of either half is 
then: 


U = — rn*/ af 2° f(s) E(z)dz. (4) 
0 


As already suggested, the potential field E(z) will be taken as appropriate to 
a rigid sphere molecule surrounded by an attractive polarization field. Speci- 
fically, then 

E(s)= +e: 2< Ro) - 
= — B/s®: 52 Ro f. 9) 


With regard to the distribution function f(z) the following two extreme 
assumptions will be investigated: 


a): f(s) =~O0:2<R 
(a) : f(e) a - 
= | Zz = RS 
(b) : fle) = BOT, (7) 
Assumption (b) is that used by Margenau and implies a treatment of the 


liquid as if it were a dilute gas. 
The corresponding values of U are evidently: 








@): U=— = (8 
a): Ss eee 2 
4 R,? 
; mn*pB ea eb / KTH 
(b) U= , J, = dz 





Hn kT B/KTRE eu 
a betad “f ai (9) 
8 a 42/3 
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The integration in case (b) is easily carried out graphically. A single curve 
of e“/u?'® suffices for the integrand for all values of 7°, Ro and 8, and only the 
upper limit changes from case to case. 


According to the Eisenschitz and London theory, an approximate value 
for 8 is (3/4)(a?V), where a@ is the polarizability and V the ionization poten- 
tial. The calculations thus depend upon a, V, Ro and n; only the last of these 
is known with much certainty. The values which we have used for the others 
are, so far as we know, about the same as adopted by Margenau. Both his 
results and those of the present calculation are shown in Table I. 


TABLE I. 
U calc. (ergs/em*) 
~ a: 10?! V R,-108 = n- 10-2 —_-—_-___ ——————— Uezp Foxy. 
(“KK) volts Eq. (8) Eq. (9) Marg. 

He 4 0.20 24.5 2.88 1.94 0.78 >7.105 0.78 0.6 0.12 
Ne 26 0.39 21.35 2.60 3.60 5.88 26.3 20 15.0 $.15 
A 87 1.63 15.7 2.13 2.41 17.76 145.1 50 35 12.5 
No 80 1.74 17.0 3.42 1.75 12.63 55.8 26 25.8 8.27 
Cl, 233 4.60 Ree 3.30 1.37 45.11 6088. 100 73 29.2 

Z.27 14 35 15.7 


O, 80 1.37 13.0 3.30 


21 40.4 21 


| 
| 
| 
| 
| 
| 
| 
| 


It will be observed that for argon, neon, nitrogen, and oxygen the experi- 
mental values of U lie between the calculated values for uniform and Boltz- 
mann distributions. When it is remembered that the calculated values in both 
cases are low because of the unavoidable omission of a noncalculable heat 
term, it may be seen that the hypothesis of uniform distribution gives rather 
more satisfactory results. It is fortunate that this is so, since the simple Boltz- 
mann formula gives concentrations which are physically absurd. Thus for 
liquid oxygen at 70°K, this formula gives an average of 42 molecules between 
3.3 and 6.6X10~* cm from the center of a given molecule; hexagonal close 
packing of spheres of diameter 3.3 X10~-* cm would permit only 12 molecules 
within this space. The density of liquid oxygen at this temperature corre- 
sponds to close packed spheres of 3.9 10-* cm diameter; and it is thus fairly 
evident that if the actual molecules may be approximately represented by 
spheres of 3.3 10~* cm diameter, there is not room for much departure from 
uniformity. 

For helium, the calculated values of U are much too large. It seems quite 
certain that for very light molecules the zero point vibrational energy plays 
an important réle; thus we shall find that the low heat of vaporization of 
helium can only be accounted for by the use of zero-point energy, and we 
must invoke this energy also to account for the low density of the liquid. Its 
effect on surface energy is of course less direct, but apparently by no means 
unimportant. 

For chlorine, also, the value calculated from (9) is hopelessly high, though 
that from (8) is satisfactory. If we adopt the ionization potential used by 
Margenau, the agreement is much improved, but we have been unable to 
find support for this value. 

It is to be noted that the entire treatment of this problem, as presented 





















SURFACE ENERGY AND HEAT OF VAPORIZATION 





631 


here, differs from that given by Margenau.’ He calculated the force necessary 
to separate the liquid into two parts as a function of the distance between the 
halves, and then integrated this force to get the work of separation. This cal- 
culation is not as clear physically as that given here, but it apparently cor- 
responds to an equilibrium process, and hence should give, not the total sur- 
face energy, but only the free energy of formation of the surface. 

Margenau gives his calculation as a way of obtaining U. In the present 
notation his result may be expressed as: 


Uy =- en? f ax f ay f rir [ E'(z) f(z)dz. (10) 
0 z y r 


It may be readily shown that when 


f(s)"= &[E(@)/T] (11) 
this quantity is related to the U of Eq. (4) by: 
U = Uy — T(dUy,/dT) (12) 


which is the relation that must hold if U is the total energy and Uy, the free 
surface energy.’ The condition (11) is fulfilled when the distribution is uni- 
form, or when it follows the simple Boltzmann formula, and it has besides 
a plausible appearance. We do not fully understand, however, just why it is 
necessary. When Margenau’s calculated values are compared with experi- 
mental values of ¢ instead of with U as Margenau did, they are seen to be 
rather too large. The agreement with experiment of the present calcula- 
tions, while superficially worse than that erroneously obtained by Mar- 
genau, is actually considerably better, and by inventing plausible functions 
f(s) one could obtain even exact agreement; it is to be hoped that experimen- 
tal values of f(s) will soon be available, at least for monatomic liquids, from 
analysis of x-ray diffraction data. It will be of considerable interest to see how 
the results are affected when these empirical values are used.'° 


THE HEAT OF VAPORIZATION 


The heat of vaporization per molecule is composed of the energy necessary 
to remove the molecule from the liquid plus that required to expand the sur- 
rounding atmosphere; that is 


AH = AU + A(po). (13) 


7 Margenau’s calculation, like ours, applies to a surface of uniform density; there is thus an 
unknown correction for the actual surface, which will, however, affect U more than F. 

8 We wish to thank Professor F. Zwicky for pointing out this relation to us. 

® Margenau's agreements in the cases of He, Op, Clo, and Hg appear to depend upon fortu- 
nate choices of temperature, since if he had made the calculations at about 2°K, for He, and 
near the freezing points for the others, he would have found surface energies much too high. 

10 For liquid mercury, Debye and Menke, Ergebnisse der technischen Réntgenkunde, 2, 1 
(1931), have determined such values; the maximum reached by f(z) is only about 3, and as 2 
increases, f(z) falls rapidly to 1. The general form of their f(z) curve is in satisfactory agree- 
ment with the requirements of our calculations; since liquid mercury exhibits metallic proper- 
ties, a computation of its surface tension from the forces between the neutral atoms appears to 
us to be a questionable procedure, and hence no direct use is made of Debye and Menke's 
result. 
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We can compute the part of AU due to potential energy; there is certainly 
some difference in the mean kinetic energy of the molecules in gas and liquid, 
but except at low temperatures where zero point energy comes into promi- 
nence, this is a relatively small effect. The potential energy part of AU is 
found as follows: 

Consider a quantity of liquid containing N molecules, where N is very 
large. The mutual potential energy of a molecule with respect to all the others 


1S 


We -{ — 4rur*f(r)E(r)dr. 


The mutual potential energy of all the molecules is } NW, since the energy 
of each pair must be counted only once. Hence the potential energy per mol 
is }N yW where Np» is Avogadro’s number, or: 





U= 2enXo f rf(r)E(r)dr. (14) 
0 
In terms of the two above assumptions for f(z) we get: 
: 2 Tn N oB 
(a): AU=-—— — (15) 
3 Ro 
2 (B/ATRA)V2 
(b): AU = — —anN(kTB)' f e dz (16) 
] 0 


provided the vapor formed is so dilute that attractive forces in it may be ig- 
nored. Again, Eq. (16) can be readily evaluated graphically. The term A 
(pv) of Eq. (13) is, of course, easily seen to be RT. Table II shows how the 
calculated values of AJ] compare with experimental ones. The values of a, V, 
Ro, and n are the same as those in Table I. 














TABLE II. 
nein MH calc. cal./mol. 
Gas T oe a Seenanneenenneeiieeet AHexp. 
(°K) Eq. (15) Eq. (16) 
He 4 81.3 > 10!" 24 
Ne 34 310.4 922 380 
A 87 1213 11900 1500 
Ne 80 975 4800 1400 
Cl. 240 4334 694000 2400 


Ox. 90 913 2300 1730 








For helium the agreement is very poor, and it is clear that a large part of 
the energy needed must be supplied by the zero point vibration of the liquid. 
For chlorine, also, our choice of ionization potential again leads to calculated 
values too high. But for the other liquids the observed values of the heat of 
vaporization lie between the values calculated by Eqs. (15) and (16). And 
as in the case of the surface energy, in all cases except Oc, the agreement with 
the assumption of a uniform distribution is much better than with that of a 
Boltzmann distribution. It thus appears that here, too, a slight modification 
of the distribution function from uniformity would lead to values as accurate 
as can be obtained with the quantum mechanical approximations to the in- 
termolecular forces. 
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Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this department. Closing dates for this depart- 
ment are, for the first issue of the month, the twenty-eighth of the preceding 
month; for the second issue, the thirteenth of the month. The Board of Editors 
does not hold itself responsible for the opinions expressed by the corres pondents. 


Line Broadening and the Imprisonment of Resonance Radiation 


Applications of existing theories of reso- 
nance radiation diffusion! have, in the main, 
employed classically predicted values of ab- 
sorption coefficients, or values of this quantity 
predicted from measurements at low gas pres- 
sures (of the order 1 micron). Zemansky,? 
and Webb and Messenger® found that at 
larger vapour pressures, Hg resonance radia- 
tion escaped from a body of gas faster than 
could be accounted for on the basis of the 
known (low pressure) value of the atomic ab- 
sorption coefficient—and indeed the more was 
this so the higher the vapor pressure. These 
authors attributed the effect to line broaden- 
ing due to absorption or other causes. 

Bearing on this question are some experi- 
ments of the writer, similar to experiments 
already reported,‘ which show that when the 
resonance radiations of Ne at a pressure of 
1.5 mm pass a considerable distance away 
from a discharge and are absorbed, only a 
small fraction (1-3 percent) of this energy is 
converted into metastable atoms,> the re- 
mainder escaping to the walls as scattered 
resonance radiation. 

It has been calculated from these results, 
assuming a mean life of the excited atoms of 
10-7 sec. and reasonable tentative values 
(1-0.1 percent) for the (quenching) efficiency 
of gas kinetic collisions transferring excited 
Ne atoms to the metastable state that the 
mean free path (reciprocal of absorption coef- 
ficient) of the scattered resonance quanta 
must be of the order of 0.2-2 cm. This may be 
compared to the value 6.5 X 10° cm calculated 
for the cores of the resonance lines of Ne for 
1 mm pressure by Found and Langmuir® from 
a formula of Ladenburg, or to the value 
2X10-* cm for the core of the mercury reso- 
nance line predicted for a pressure of 1 mm 
from the atomic absorption coefficient of Hg 
for this radiation as known for low pressures.’ 
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It is suggested that the great discrepancy here 
involved is caused by a broadening of the reso- 
nance lines as a result of coupling forces 
(Holtsmark* broadening), or of 
formation.® 

It is well known that the absorption 
breadths of the resonance lines of Na, Cs, etc. 
at pressures of the order of 1 mm are very 
great compared with the Doppler breadths. 
Hopfield’ found a large broadening of the He 
resonance line in emission which was ex- 
plained by Weizel® as due to molecule forma- 
tion between excited He atoms and normal He 
atoms. 

Abnormal broadening of the visible lines of 
the rare gases has not been observed: from the 
standpoint of the coupling theory* none would 
be expected since there are no resonators 
among the normal gas molecules which can re- 
spond to the frequencies concerned; from the 
standpoint of molecule formation it may be 
that a possible shortness of life of the upper 


molecule 


1K. T. Compton, Phys. Rev. 20, 283 
(1922); E. A. Milne, Journ. Lond. Math. Soc. 
Vol. 1 (1926). 

2M. W. Zemansky, Phys. Rev. 29, 513 
(1927). 

3 Harold W. Webb and Helen A. Messenger, 
Phys. Rev. 33, 319 (1929). 

* Carl Kenty, Phys.Rev. 38, 377 (1931). 

5 T. Langmuir and C. G. Found, Phys. Rev. 
36, 604 (1930). 

6 C, G. Found and I. Langmuir, Phys. Rev. 
39, 248 footnote (1932). 

7 See for example, M. W. Zemansky, Phys. 
Rev. 36, 229 (1930). 

8 J. Frenkel, Zeits. f. Physik 59, 198 (1930). 

® Walter Weizel, Phys. Rev. 38, 642 (1931). 

1° J. J. Hopfield, Astrophys. J. 72, 133 
(1930). 
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excited states, compared with the effective" 
life of the resonance states, renders such for- 
mation relatively unlikely. 

Penning™ calculated from Dorgelo’s and 
Washington's measurements of the mean lives 
7.1 mm pressure 
that only about 1 collision in 10° was of the 
first kind (resulting in transfer from the metas- 
table state to the resonance state). It has fre- 


of metastable Ne atom at 


quently been suggested on the other hand, 
that the atoms gocontinually upand down be- 
tween these states,” the efficiency of collisions 
of the first and second kinds being supposed 
to be relatively very high and the mean free 
path of the resonance lines being supposed to 
be very short (classically predicted values). 
Obviously, under such circumstances a calcu- 
lation like that of Penning would be meaning- 
less. But, the present results show that once a 
metastable Ne atom is raised to the resonance 
state there will be little chanceof a new metas- 
table atom being formed and hence Penning’s 
calculation is confirmed (as are also the essen- 
tially similar calculations of a number of other 
observers on the lives of metastable atoms." 
The present results are in agreement with 
the direct observation of Meissner and Graf- 


1! Repeated reabsorptions are here taken 
into account, 

2 F. M. Penning, Zeits. f. Physik 46, 342- 
343 (1928). 

6 P. D. Foote, Phys. Rev. 30, 288 (1927); 
M. W. Zemansky, Phys. Rev. 34, 226 (1929); 
see also C, G. Found and I. Langmuir, refer- 
ence 6, pp. 250, 251. 
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funder that metastable Ne atoms are power- 
fully destroyed by strong Ne light (an ab- 
normally long mean free path of the scattered 
resonance lines of Ne might have been in- 
ferred from this alone) and with Penning’s in- 
terpretation that 
strongly destroyed in his experiments" by ir- 


metastable atoms were 
radiation and with the irradiation experiments 
of the writer.‘ 

The previous results that the currents here 
dealt with (in the case of pure rare gases) are 
mainly of photoelectric origin*’ have been 
confirmed. Complete details of the experi- 
ments will be given in a paper now in prepara- 
tion. 

Found and Langmuir (private communica- 
tion) have recently confirmed by direct means 
that the free paths of the scattered resonance 
radiations in Ne at 1 mm pressure are very 
great (of the order of magnitude of the tube 
diameter or larger) compared with the clas- 
sically predicted values. 

CarRL KENTY 

Research Laboratory, 

General Electric Vapor Lamp Co., 
Hoboken, N. J., 
April 6, 1932. 


14 See an excellent summary of data of this 
kind by Zemansky, Phys. Rev. 34, 213 (1929). 

4 K. W. Meissner and W. Graffunder, Ann. 
d. Physik 84, 1009 (1927). 

1 F, M. Penning, Phil. Mag. 11, 961 (1931) 
and other papers. 

17 Carl Kenty, Phys. Rev. 38, 2079 (1931)- 


The New Effect Produced by the Action of X-rays on Matter 


G. I. Pokrowski (Phys. Rev. 38, 925 (1931)) 
has reported a series of experiments which in- 
dicate that some of the heavier elements (Pb, 
Bi, Hg, etc.) after irradiation with x-rays (90 
and also 140 k.v.) acquire feeble radioactive 
properties. A sample of Pb which had been 
irradiated for 30 minutes was found to pro- 
duce a measurable ionization current up to 90 
minutes after irradiation. This experiment has 
been repeated by Gingrich (Phys. Rev. 39, 
748 (1932)) who used as detector a Linde- 
mann electrometer of high sensitivity. Al- 
though Gingrich’s experimental arrangement 
would probably have been able to detect one 
one-hundredth of the maximum effect re- 
ported for Pb, yet he found no difference for 
the ionization produced by various metals be- 


fore and after irradiation with x-rays whose 
voltage was varied between 45 and 160 k.v. 
Gingrich’s periods of irradiation appear to 
have been comparable with those of Pokrow- 
ski (30 to 40 minutes). 

Pokrowski also reported an effect which was 
built up after continued irradiation with x- 
rays. This effect was detected by scintillations 
produced on a zinc sulphide screen. This effect 
was found to persist for many days after ir- 
radiation and corresponded with about one 
scintillation per cm? per second. From a 
knowledge of the total ionization produced he 
calculated that the particles from Pb which 
were responsible for the scintillations had an 
average energy of 1.1 10° e.v. If these were 
a-particles, then they should have a range in 




















air at N.T.P. of about 6 mm and since range 
is inversely proportional to pressure, a range 
of about 4.5 cm at 10 cm pressure. 

The writer, whose experiments were well 
under way at the time of Gingrich’s letter, 
repeated Pokrowski’s work employing a 
Geiger point counter as detector. The point 
of the counter was a platinized plantinum 
sphere 0.3 mm in diameter, while the house, 
which was 2 cm in diameter and 6 cm long 
was a cylinder of copper gauze (10 wires to 
the cm, each 0.17 mm diameter). 

The counter was operated at 2000 volts, 
with the house negatively charged, a cabinet 
of batteries being the source of potential. The 
counter was enclosed in a glass tube 5 cm in 
diameter which could be opened by means of 
a large glass joint and after closing be kept at 
any desired pressure. The passage of ionizing 
radiation through the counter was detected by 
one valve amplification in a telephone (trans- 
former coupled) and a microammeter. The 
passage of one secondary 8-ray due to y-rays 
from uranium through the counter caused a 
defection of 400 microamperes and a loud 
click in the telephone. 

A sample of sheet lead (unirradiated) in the 
form of a cylinder (2.5 cm diameter) was 
slipped over the house of the counter and 
after shielding with 5 mm Pb the natural 
count determined and found to be 2.8+0.5 
counts per minute, this being the average of 
readings taken over 100 minutes. (Under these 
same conditions with the shield removed the 
counter would record secondary electrons 
from y and x-rays.) The sample of Pb after re- 
moval from the counter and rolling out flat 
was irradiated with x-rays from a tungsten 
target at 110 k.v. and 1.2 m.a., the sample be- 
ing 10 cm from the target. The sample was ir- 
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radiated for a total of 200 hours with counts 
being taken at various intervals, however 
even after this length of irradiation the sample 
still showed practically the same count of 
3.0+0.5 counts per minute. Five minutes 
elapsed between shutting off the x-rays and 
the start of the counter, so that any effect 
which did not last longer than this period 
would not have been detected. The counter 
was operated at 10 cm pressure of air so that 
a-particles of the order of 1 million electron 
volts should have easily passed through the 
counter since the point of the counter was 
only 1.5 cm from the surface of the lead 
cylinder. It is difficult to estimate the sensi- 
tivity of this method but it seems highly prob- 
able that much as one a@-particle per minute 
per cm? of lead would have been detected, 
however no change greater than 0.5 counts 
per minute was found, a value which is about 
one one-hundredth of the effect found by 
Pokrowski. Check experiments indicated that 
8-particles or y-rays would have been de- 
tected if they had been responsible for the 
effect reported by Pokrowski. 

Because of the great interest connected with 
Pokrowski’s results other experiments were 
carried out using different counters operating 
at a lower pressure, different samples of lead 
and x-rays of a voltage range between 50 and 
140 k.v., however in no case was the irradia- 
tion found to produce any determinable radio- 
activity. This failure, together with that of 
Gingrich, is difficult to correlate with the posi- 
tive results reported by Pokrowski. 

NORMAN S. GRACE 


Department of Chemistry, 
University of California, 
April 14, 1932. 


Note on the Discovery of the Photoelectric Effect in a Copper-Oxide Rectifier 


Under “Letters to the Editor,” 39, 531 
(1932), a letter signed by Professors Frenkel 
and Joffé has in it the following statement: 
“The illumination of the place of contact be- 
tween a metal and a semiconductor, Cu and 
CuO say, produces, as has been first shown 
by Lange, an unusual photoelectric effect,” 
etc. 

They may have had reference only to the 
outer contact, but it is not quite clear that 
that is the case and it may be worth while to 
point out that the effect at the inner boundary 
between cuprous oxide and the mother copper 


was first discovered in our laboratory before 
1926. It was demonstrated in the Scientific 
Exhibition given at Philadelphia in Decem- 
ber, 1926, during a meeting of the American 
Association for the Advancement of Science. 
It was also mentioned in an article entitled 
“A New Electronic Rectifier,” by Grondahl 
and Geiger, (Transactions of the A.I.E.E., 
XLVI, 357 (1927)), where it is stated that 
illumination of a rectifier not only changes the 
resistance, but produces a small e.m.f. in the 
rectifier, so that it has to be avoided when 
measuring very small currents. The effect was 
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discovered by Dr. P. H. Geiger and the writer 


in cooperation and consists in an e.m.f. pro- 
duced at the junction between the cuprous 
oxide and the mother copper on which the 
oxide is formed. Dr. Lange later discovered 
the effect at the outer contact made to the 
By the 
German writers the former effect has been 


free surface of the cuprous oxide. 


called the “hinterwandeffekt” and the latter, 
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the “vorderwandeffekt.” Professor W. Schottky 
has on various occasions recognized our prior- 
ity in the discovery; see, for instance, Phys. 
Zeits. 31, 913 (1930). 
L. O. GRONDAHL 
Research Department, 
Union Switch and Signal Company, 
April 12, 1932. 


A Correction to Wave-length Measurements with the Double-Crystal Spectrometer 


The measurement of the diffraction angles 
from calcite for certain x-ray lines by the 
double-crystal x-ray spectrometer is now es- 
tablished as one of the precision methods of 
measuring X-ray 
there is a correction to be made to the ob- 


wave-lengths. However, 
served angle due to the effective height of the 
slits or the effective vertical spread of the 
beam. The formula previously given by 
Compton! is in error, giving too large a correc- 
tion. Professor Comptou and the writer re- 
cently derived the corrected formula, which is: 

: a?+b* 


- 4 


tan 6 


where a and b are the vertical stops at a dis- 
tance L apart and @ is the Bragg angle. This 
is to be compared to Eq. (3) in reference 1. 

The wave-length of the Mo Ka, line as 
previously determined by this method is now 
to be calculated from the angles 

6,=6° 42’ 35.9,” 

and 


The index of refraction calculated from these 
angles by the usual method give 

§ = (2.08 +0.15) X10-° 
The wave-length of Mo Ka; calculated from 
6, by the same method! is 707.843 +0.002 x.u. 


This is to be compared with Larsson’s? value 
of 707.831 +0.003 x.u. calculated on the same 
basis from photographic measurements. Bear- 
° 51’ 34.4" +0.2” on the 
basis of the incorrect formula, and the new 


den’s® value of 64 is 27 


correction would increase this angle slightly. 
There is thus good agreement between Comp- 
ton’s and measurements in the 
fourth order with the double-crystal x-ray 


Bearden’s 


spectrometer. 

The correction is seen to be very small but 
these changes are appreciable in view of the 
accuracy with which the diffraction angles can 
be measured. Where the original data are 
available it would be well worth while recal- 
culating the angles on the basis of this cor- 
rection. 

I appreciate the collaboration of Professor 
Compton on this calculation and regret that 
his absence necessitates the publication with- 
out his signature. 

Joun H. WILLIAMS 

National Research Fellow, 

University of Chicago, 
Chicago, Illinois, 
April 18, 1932. 


1 A. H. Compton, R.S.I. 2, 365 (1931). 
2 A. Larsson, Phil. Mag. 3, 1136 (1927). 
3 J. A. Bearden, Phys. Rev. 38, 2089 (1931). 


Factors Influencing Ionization Produced by Cosmic and Gamma-Rays 


Since the mechanism of ionization by 
gamma-rays is known, a study of the factors 
influencing ionization produced by gamma 
and cosmic radiations respectively should give 
information regarding the process of ioniza- 
tion by cosmic rays. 

Accordingly, an experimental study of the 
following factors is in progress: pressure, 
temperature and molecular weight of the gas 
used in the ionization chamber; the material 
of inner walls as well as the volume and in- 
terior area of, and the voltage applied to the 
ionization chamber. 





An ionization chamber was constructed in 
which the volume, interior area and wall ma- 
terial could be varied. It was designed by R. 
D. Bennett, Massachusetts Institute of Tech- 
nology. 

The experimental procedure was as follows: 

Ist. The ionization current was measured 
when cosmic radiation was the only ionizing 
agent. 

2nd. The ionization current was determined 
when the ionization was produced by cosmic 
rays and the radiation from 0.2 milligrams of 
radium at a fixed position. The ratio of the 
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former to the latter, denoted by R, was de- 
termined when the factors enumerated above 
were varied. 

Experiment shows that this ratio remains 
constant for pressures varying from 5 to 70 
atmospheres, when air, oxygen or carbon di- 
oxide is used in the chamber. This is in accord 
with the preliminary results' obtained with 
pressures varying from 10 to 50 atmospheres. 

R is independent of the volume of the 
chamber within the limits of the volume avail- 
able in the chamber used. The volume was 
varied by a factor of four. It is also of interest 
to note that the shape of the ionization cham- 
ber seems to have no effect upon the ioniza- 
tion current per unit volume. 

The effect of temperature upon the ioniza- 
tion by gamma-rays has been reported.! We 
were interested in finding whether tempera- 
ture was a factor in the case of ionization pro- 
duced by cosmic rays. The chamber was sub- 
jected to various temperatures, while the bat- 
teries and other parts, by means of which tem- 
perature might cause a change in the sensi- 
tivity of the electrometer, were kept at a con- 
stant temperature. It was found that, within 
experimental error, R remained constant. 
Separate tests showed temperature to be a 
factor in each case. Hence, the temperature 
coefficient is the same for cosmic as for gamma- 
rays. 

It is hard to interpret the results when dif- 
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ferent liners are used. This is complicated by 
several factors, of which local radiation due to 
contaminations of the liners is difficult to de- 
termine. There is a variation of R after cor- 
rections are made for absorption. Further 
work is in progress on this point. 

At present the value of R is being deter- 
mined for applied chamber voltages varying 
from 6 to 450 volts over the same range of 
pressures used when the effect of pressure was 
being studied. It is hoped that this may help 
to determine whether saturation with pressure 
is due to the rate of recombination of ions be- 
coming equal to that of diffusion’ or to the 
complete absorption? by the gas of the beta- 
particles ejected from the walls of the ioniza- 
tion chamber. 

These results indicate the process of ioniza- 
tion is the same for cosmic as for gamma-rays 
and that the cosmic rays are gamma in na- 
ture. 

This work was done with the aid of a grant 
from the Rumford Committee. 

J. C. STEARNS 
WILcox OVERBACK 
University of Denver, 
April 21, 1932. 


1 A. H. Compton, R. D. Bennett and J. C. 
Stearns, Phys. Rev. 39, 873 (1932). 
2 J. W. Broxon, Phys. Rev. 37, 1320 (1931) 


Paramagnetic Susceptibilities in Crystals 


Following a suggestion of Professor Van 
Vleck, we have investigated the influence of 
electric fields of different symmetries! on the 
paramagnetic susceptibilities of atoms in crys- 
tals. Experimentally, the susceptibility can 
often be represented by the Curie-Weiss law 
x = C/(T+A), provided the temperature is not 
too low. We find that if the energy levels are 
all either high or low compared with kT then 
the rigorous expansion for the susceptibility 
averaged over all directions is of the form 
x=C,/T+C;/T*+ -- + , the term in 1/7? be- 
ing absent. This means that if we measure the 
susceptibility of a crystal powder and plot 1/x 
against 7, the curve tends to an asymptote 
passing through the origin and not through 
the point (0, —A). At lower temperatures it 
is necessary to use exact expressions and it is 
found that the susceptibility may simulate the 
law x=c/(T+A) over a wide range of tem- 
perature. This is the case, for example, with 


Pr and Nd, where the splitting produced by 
the crystal field is comparable with kT at 
room temperatures. 

The rare earths lend themselves very read- 
ily to exact calculations, which have been car- 
ried out for Pr and Nd. At room temperatures 
and lower, the only normal states are those 
arising from the lowest multiplet level; the 
other multiplet levels can be neglected. As- 
suminga field of cubic symmetry A (x*+ y*+2"') 
and a magnetic field H one can solve the re- 
lated secular problem up to and including 
terms in H®, The secular determinants are of 
order 9 and 10 respectively; when H =0, that 
for Pr factors into a singlet and four quad- 
ratics; that for Nd factors into two quintics on 
account of the Kramers two-fold degeneracy, 
and each quintic factors into a singlet and two 


1Cf. Kramers, Proc. Amst. Acad. 32 and 
also Bethe, Ann. d. Physik 3, 133 (1929). 
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quadratics. The lowest multiplet level of Pr 
splits up into two triply degenerate and one 
non-degenerate level. Agreement with experi- 
the nonmagnetic, 
single level is placed lowest. The lowest mul!ti- 


ment is obtained when 
plet level of Nd splits up into two quadruply 
degenerate and one doubly degenerate level, 
and here the doubly degenerate level must be 
placed lowest. The results agree satisfactorily 
the Gorter and de 
Haas.? The over-all splitting produced by the 
crystal field is about 360 cm™ for Pr and 840 
em” for Nd. 


Calculations have also been made for Ni. 


with measurements of 


Here the separation of energy levels due to the 
crystal field is much larger than the multiplet 
separation. The close equality of the observed 
principal susceptibilities suggests that the 
field is nearly cubic. If we neglect the spin, 
the ground state is split by the cubic field into 
one nonmagnetic and two magnetic levels; the 
nonmagnetic level must, for agreement with 
experiment, lie so far below the others that it 
alone is a normal state. The orbit-spin inter- 
action is incapable of splitting this level 
which now has three coincident components. 
Thus the spin remains entirely free, and the 
susceptibility is rigorously proportional to 
1/T. The orbit-spin interaction, however, in- 
troduces an orbital contribution, so that the 
magneton number has a value intermediate 
between the Bose-Stoner value [4.5(S+1) |! 2 
and the Laporte-Sommerfeld value [45(S+1) 
+L(L+1) |! 2. From the known value of the 
magneton number, we deduce an over-all 
separation of some 20,000 cm! due to the 
cubic field. If now a rhombic term is intro- 
duced into the Hamiltonian, the degeneracy 
of the lowest level is removed, the separation 
being of the order of a few wave numbers, and 
it is possible to explain the small differences 
in the principal susceptibilities. The depend- 
ence on temperature is now of the form 
x=C,/T+C:/T?+ --- with different values 
of Ci, C2, and A for the three axes. The aver- 


2 Gorter and de Hass, Leiden Com. 218b. 
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age \ is zero down to very low temperatures, 
in agreement with the very small observed 
value. 

We have also considered Cu. Here the prin- 
cipal susceptibilities are so different as to pre- 
clude a cubic field. On the basis of a rhombic 
field producing a splitting large compared 
with the multiplet width, it is found that the 
law x=C/T is obeyed by the susceptibility 
down to very low temperatures (cf. the experi- 
ments of de Haas and Gorter*). Thus the 
rhombic field alone does not introduce a cor- 
rection to Curie’s law, altheugh it gives differ- 
ent Curie constants for the three axes. 

These quantitative results are in general 
agreement with the qualitative predictions of 
Van Vleck (Quantum Theory of Electric and 
Magnetic Susceptibilities, Oxford University 
Press, Chap. XI), the chief difference being 
that the crystal fields are usually more nearly 
cubic than was there supposed, and also that 
the condition given for the spin to be free, 
namely (orbit-spin interaction)?/(crystal field 
separation)<<&T, is often too stringent. 

The experimental material indicates that 
substances of high magnetic dilution, as for 
example the hydrated sulphates, have smaller 
values of A than the corresponding anhydrous 
salts. In these latter substances of very low 
magnetic dilution the effect of crystal fields 
on the deviation from Curie’s law is probably 
subordinate to the influence of coupling be- 
tween the angular momentum vectors of 
neighboring atoms, which will also give rise to 
aterm A. 

Further computations are in progress on 
cerium, cobalt and iron. Details of the work 
will be published shortly. 

O. M. JoRDAHL 
W. G. PENNEY 
R. SCHLAPP 


Department of Physics, 
University of Wisconsin, 
April 22, 1932. 


3 de Haas and Gorter, Leiden Com. 210d. 


The Production of Multiple Secondaries in Lead by Cosmic Radiation 


Recently Rossi! has shown that triple coin- 
cidences occur in three G.M. counters placed 
out of line if these are surrounded by lead. 
We have observed a similar phenomenon with 
two G.M. counters arranged as shown in the 
accompanying diagram, Fig. 1. 

Coincident discharges of the two counters 





were recorded on a telephone message regis- 
ter, operated by circuits soon to be described. 
The resolving time of the circuits was such 
that the accidental coincidences amounted to 
only two or three per hour and hence could be 


1 Bruno Rossi, Phys. Zeits. 33, 304 (1932). 
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entirely neglected. At the spacing used the 
real coincidences averaged 1.71 per minute 
with a probable error of +0.03 per minute 
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Fig. 1. 


over a counting time of 1568 minutes. When 
blocks of lead 20X32 X1 cm were placed on 
either side of the counters in positions such 
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that straight line paths through both counters 
were impossible for secondary rays originating 
in the lead, then the counting rate increased 
to 1.84+0.03 over a counting time of 1312 
minutes. The difference in the counting rates 
of 0.13 +0.04 must be attributed tosome proc- 
ess by means of which the same primary ray 
ejects two or more secondaries from the lead 
at slightly different angles, some of these pass- 
ing through one counter and others through 
the other counter. These secondaries may 
arise from the spraying out of distingegration 
products from a single nucleus as illustrated 
at A in the figure or they may be emitted as 
recoil electrons or protons at different points 
along the path of the primary ray as illus- 
trated at B. 
Tuomas H. JoHNSON 
J. C. STREET 
The Bartol Research Foundation of The 
Franklin Institute, 
Swarthmore, Pa., 
April 25, 1932. 


The Crystal Structure of Insulin 


It has been known for some time that in- 
sulin exhibited certain optical properties of a 
true crystal.! Although numerous attempts 
have been made by Freudenberg? and others, 
no x-ray diffraction pattern could be obtained 
beyond the usual ring due to the 3.5A spacing 
common to proteins. Work of this kind em- 
ploying the usual lengths of x-radiation, (cop- 
per Ka, 1.54A) has been done in this labora- 
tory over a period of two years. 

Recently insulin has been investigated by 
means of long wave x-rays, using the Ka ra- 
diation of magnesium and aluminum. The 
method employed was essentially the same as 
previously used,** but a new type of appara- 
tus was designed for the purpose. 

The spacings found for insulin by this 
method are approximately 130, 100, and 80A, 
giving an axial ratio of 4/3:1:4/5. With the 
aid of microscopic data the crystal form was 
found to be monoclinic, with one angle be- 
tween 88 and 90 degrees, the individual crys- 
tals frequently assuming a pseudo hexagonal 
form. The crystals were positive. 

On the basis of the approximate molecular 


weight of 35,000 proposed by DuVigneaud,® 
and checked by others,? and the density of 
1.315 determined by Freudenberg? and 
checked by us, the number of molecules per 
unit cell was found to be 26. 

More complete data will be prepared for 
publication in the very near future, and the 
method will be applied to other proteins. 

G. L. CLARK 
K. E. CorriGan 
Chemistry Department, 
University of Illinois, 
May 2, 1932. 


1E. B. Mathews, Reported by Winter- 
steiner, DuVigneaud, and Jensen. Jour. 
Pharm. and Exp. Therapeutics 31, 84 (1927). 

2 Freudenberg, Hoppe-Seyler’s Zeits. f. 
physiol. Chem. 204, 233 (1927). 

3 Clark and Corrigan, Radiology 15, 117 
(1930). 

* Clark and Corrigan, Jour. Ind. and Eng. 
Chem. 23, 815 (1931). 

* DuVigneaud Jour. Bio. Chem. 70, 393 
(1927). 


Erratum: Dissociation of the Carboxyl Group in Amino Acids and Related Substances, 
Produced by Absorption of Ultraviolet Light 


Three typographical errors occurred in the 
printing of the above mentioned letter to the 





Editor (Phys. Rev. 40, 115 (1932)). To cor- 
rect these the word “cystine” should replace 
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“cysteine” in the sentence on page 115 which 
explains the figure, under (6’) and (8’), which 
refer to water and HCI solutions of cystine, 


respectively. 

The importance of the corrections is appar- 
ent from a consideration of the reaction which 
occurs when light of the 2500A range breaks 
the S-S linkage in cystine, COOH-CHNH, 


LETTERS TO THE EDITOR 


-CH2-S:S:CH»,: CHNH,: COOH, 
the presence of HCl will produce cysteine, 
COOH: CHNH:: CH2:SH, and cysteine chlo- 
ride, COOH: CHNH,: CH2: SCI. 

GLapys A. ANSLOW 


which in 


Smith College, 
Northampton, Mass., 
April 24, 1932. 
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BOOK REVIEWS 


Lichtelektrische Zellen und Ihre Anwendung, H. Simon and R. Suhrmann. Pp. 373+vii, 
figs. 295. Verlag von Julius Springer, Berlin, 1932. Price RM 34.20, bound. 

This volume is at least the eighth which has been published during the past four years in 
the field of photoelectricity. Striking evidence for the recent rapid development and extension 
of this field is seen in the fact that these eight treatises show surprisingly little overlapping. 
Each occupies itself primarily with certain particular phases of the field and only when all are 
combined does one obtain a complete panorama of this branch of physics. The present volume, 
written by two authors who need no introduction to students of photoelectricity, offers the most 
comprehensive review of the practical and technical aspects of the subject which has yet ap- 
peared. While it might be judged from the title that the book confines itself to the technical 
applications of photoelectric cells, it is in reality a treatise on the whole field of photoelectric 
technique, giving as much— or more-—attention to problems which arise in laboratory research 
as to those common to industrial developments. It will be valuable alike to physicists and 
engineers. 

The first four chapters present a concise discussion of the fundamental laws and phe- 
nomena in photoelectricity. The authors disclaim any attempt to make this an exhaustive re- 
view, referring the reader to the other books on the more physical and theoretical aspects of the 
subject. The discussion is nevertheless an adequate introduction to the more practical phases of 
photoelectricity and includes a short review of photoconductivity and the photoelectric effect 
in rectifying layers, as well as a much longer discussion of the ordinary surface effect. 

Chapter V (64 pages) is a detailed account of the methods of construction and manufac- 
ture of photoelectric cells of all types. It includes such topics as the design of cells for various 
purposes, vacuum technique and outgassing methods, methods of preparing photoelectric ma- 
terials (particularly the alkali metals) and of introducing them into the cell, gas-filling con- 
struction of selenium cells and cuprous oxide cells, etc. Chapter VI (112 pages) describes rather 
completely the apparatus and methods used in photoelectric investigations. Methods of measur- 
ing photoelectric currents are first discussed, the methods involving the use of electrometers 
being given particular attention. The amplification of both steady and rapidly varying photo- 
currents is taken up in detail, and finally there is a most exhaustive review of sources of light 
and their characteristics, light filters, monochromators, and methods of measuring light inten- 
sities. The last chapter (130 pages) is devoted to descriptions of the technical applications of 
photoelectric cells, including photoelectric photometers of all types (lamp photometers, micro- 
photometers, spectro-photometers, etc.), photo-telephony, facsimile transmission, television, 
sound films, and the numerous applications of photoelectric relays. The treatment in each case 
includes a discussion of the general principles underlying the various methods as well as a de- 
scription, with many excellent diagrams and photographs, of the practical details of design and 
construction of the instrument. The book is profusely illustrated throughout, containing nearly 
300 figures, a large number of which are half-tones. 

On the whole the book is compiled with the amazing thoroughness which we have come to 
expect of German writers. The American reader will be disappointed to find in a few cases that 
instruments and methods which have been developed and are widely used in this country are 
given only passing mention. For example, in the rather detailed discussion of electrometer 
technique no mention at all is made of the Compton electrometer, which in this country has 
almost completely supplanted the Dolezalek form for photoelectric work. Similarly, in the dis- 
cussion of amplifying tubes and of monochromators and light sources, it is only the German- 
made instruments which are described. This is to be expected, of course, for authors in any 
country will naturally give prime consideration to the instruments and methods with which 
they are most familiar. In the present volume the disadvantage to readers in this country will be 
largely offset by the fact that they will gain an introduction to apparatus and technique which 
are in many cases superior to our own. In any case the book will certainly be invaluable to any- 
one working in either the physical or technical branches of photoelectricity. 

Lee A. Du BripGe 
Washington University 
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Le Soleil. Georges Bruhat. Pp. 235+xvi, figs. 47 and 16 plates. Librairie Felix’ Alcan, 
Paris, 1931. Price 20 fr. 

This clearly written small volume brings together the more important known physical data 
regarding the sun and discusses in convenient outline their theoretical interpretation. Even 
though the internal constitution of the sun appears to be fairly well known, the author, perhaps 
wisely, avoids its discussion and the subject matter of the book relates almost entirely to the 
surface features of the sun and the properties of its atmosphere. The selection of the material, 
the relative space allotted to each subject and the arrangement seem fortunate. The value of 
the book would be enhanced by the inclusion of guiding references to important literature. 

Ross GUNN 
Naval Research Laboratory 


Kolloidwissenschaft, Elektrotechnik und Heterogene Katalyse. W. Ostwald. Pp. 113, figs. 
63. Verlag Theodor Steinkopff, Dresden, 1930. Price RM 5. 

This little book has been reprinted from the Kolloidchemischen Beiheften. It expresses 
very well the author’s ideas concerning the importance of a knowledge of colloid chemistry in 
the complete understanding of insulators, electrodes, rectifiers, photoelectric cells, and hetero- 
geneous catalysis. After discussing briefly the properties of matter in colloidal state of disper- 
sion, the author presents the evidence which shows that the colloidal state of matter is found 
in and contributes markedly to the successful operation of insulators, electrodes, rectifiers, 
photoelectric cells and catalysts. To anyone interested in the above mentioned subjects this 
book will serve as an introduction to the science of colloids as applied in those fields. 

L. H. REYERSON 
University of Minnesota 


’ 
Handbuch der Experimentalphysik Erg. Band I. Bandenspektren—-\WV. Weizel. Pp. 461+ xi 
figs. 139. Akademische Verlag m.b.H., Leipzig, 1931. Price RM 43.—bound, RM 45. 

The study of the spectra of diatomic molecules has now approached a certain stage of 
completion as is evidenced by the number of reviews of it which have appeared of late. The 
book under review, by Professsr Weizel, is itself more than a review, it is a complete treatise 
on the subject, and while it naturally covers much the same ground as Professor Mulliken's 
well known articles in English in the Reviews of Modern Physics differences in style and con- 
tent make both works indispensable. 

The method of attack is somewhat unusual and will undoubtedly meet with the hearty ap- 
proval of all who have experienced difficulties in following the quantum theory of molecules. 
The frank acceptance of “models,” however inexact, while still not providing the royal road to 
knowledge at least smooths out some of the bumps. The theoretical analysis is put first and is 
founded on separation of the wave function in elliptic coordinates, considerable emphasis being 
placed on the separability into individual wave functions for the electrons. The various sym- 
metry properties of the wave functions are completely explained so far as this can be done 
without invoking even the elements of group theory. Vibration and rotation are treated in the 
absence of spin which appears as a perturbation. Perturbation theory, uncoupling phenomena 
and such special topics as predissociation nuclear spin, etc. are given extended treatments. 

From the discussion of the theoretical terms the second chapter passes on to the predicted 
band types, intensities, selection principles, band structures, etc. The third chapter is devoted 
to polyatomic molecules, and naturally gives only a brief introduction to this already extensive 
subject within its limited bounds. The final chapter, covering about one half of the book is 
given over to a very valuable resumé of the spectra of particular molecular groups, both di- 
atomic and polyatomic. References are carried up to the end of 1930 and partially into 1931. 

What seems to be a rather large number of slips and misprints have been detected but 
none of them promise to be particularly troublesome. Everything is presented in such detail 
and with such uniform excellence that we can only give Professor Weizel’s book the highest 
recommendation. 

E. L. HILt 
University of Minnesota 
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